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Introduction

Virus-like particles (VLPs) are self-assembled structures from 
viral antigens that mimic the organization of native viruses but 
lack the viral genome. They offer many advantages in safety, 
immunogenicity, and antigen stability and manufacturing over 
vaccines based on whole pathogen preparations or subunit anti-
gens, and thereby, have gained tremendous momentum as a 
premier vaccine platform.1 While inactivated or killed patho-
gens induce strong immune responses and are still the primary 
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Virus-like particles (VLPs) are self-assembled structures 
derived from viral antigens that mimic the native architecture 
of viruses but lack the viral genome. VLPs have emerged as a 
premier vaccine platform due to their advantages in safety, 
immunogenicity, and manufacturing. The particulate nature 
and high-density presentation of viral structure proteins on 
their surface also render VLPs as attractive carriers for displaying 
foreign epitopes. Consequently, several VLP-based vaccines 
have been licensed for human use and achieved significant 
clinical and economical success. The major challenge, however, 
is to develop novel production platforms that can deliver VLP-
based vaccines while significantly reducing production times 
and costs. Therefore, this review focuses on the essential 
role of plants as a novel, speedy and economical production 
platform for VLP-based vaccines. The advantages of plant 
expression systems are discussed in light of their distinctive 
posttranslational modifications, cost-effectiveness, production 
speed, and scalability. Recent achievements in the expression 
and assembly of VLPs and their chimeric derivatives in plant 
systems as well as their immunogenicity in animal models are 
presented. Results of human clinical trials demonstrating the 
safety and efficacy of plant-derived VLPs are also detailed. 
Moreover, the promising implications of the recent creation 
of “humanized” glycosylation plant lines as well as the very 
recent approval of the first plant-made biologics by the US 
Food and Drug Administration (FDA) for plant production and 
commercialization of VLP-based vaccines are discussed. It is 
speculated that the combined potential of plant expression 
systems and VLP technology will lead to the emergence of 
successful vaccines and novel applications of VLPs in the near 
future.
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source of protection for many infectious diseases, potential 
reversion of attenuated pathogens or incomplete inactivation of 
killed pathogen vaccine have remained as a major safety concern. 
Furthermore, there are still a substantial number of pathogens 
for which either a safe attenuated strain is unobtainable or there 
is no available tissue culture system to allow its efficient propa-
gation and manufacture. The development of subunit vaccines 
through genetic engineering has the potential to phase out whole 
pathogen vaccines and their associated safety risks. However, 
vaccines based on individual proteins rarely present epitopes in 
their native conformation and therefore, are far less effective than 
whole pathogen preparations. As a result, subunit vaccines often 
require larger and more frequent doses of antigen, as well as co-
delivery of adjuvants to elicit the necessary immune responses.

VLPs combine the best traits of whole-virus and subunit anti-
gens for vaccine development. VLPs lack viral nucleic acid and 
are noninfectious, therefore, are safer vaccine alternatives than 
attenuated or inactivated viruses. Furthermore, the potency of 
VLPs can be significantly enhanced over the native virus when 
immunosuppressive viral proteins are eliminated from VLP com-
position. In addition, any unintended epitope modification by 
the inactivation process of live virus will be avoided for VLP 
production, further ensuring the VLP’s immunogenicity. Since 
VLPs structurally mimic infectious viruses, they can induce 
potent cellular and humoral immune responses without adju-
vants and are more effective vaccines than other recombinant 
antigens.2 Moreover, VLPs are more stable than subunit vac-
cines and can be manufactured with recombinant technology in 
expression systems without requiring the capability to support 
viral replication.1,2

Immunogenic Properties of VLPs

There are two primary reasons that VLPs are far more immuno-
genic than other subunit vaccines: they are particulate and they 
display epitopes on their surface in a dense repetitive array. The 
particulate nature of VLPs allows them to induce potent T-cell 
mediated immune responses through interaction with antigen-
presenting cells (APCs), especially dendritic cells (DCs).1,2 
Cytotoxic T cells do not recognize native antigens, but rather 
their processed peptide products in association with MHC class 
I molecules.3 It is generally accepted that the best way to induce 
T-cell activation by a vaccine is to mimic the process of a natu-
ral infection including recognition, uptake, and processing of 
particulate antigens, and presentation of processed peptides to 
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inherent advantages have made VLPs one of the most success-
ful recombinant vaccine platforms. Five VLP-based vaccines for 
hepatitis B virus (HBV) and human papillomavirus (HPV) have 
been approved by regulatory agencies and licensed commercially, 
including: HBV VLPs (Recombivax® by Merck and Co., Inc. 
and Energix® by GlaxoSmithKline (GSK)), assembled from HB 
major surface antigen (HBsAg); and HPV VLPs (Gardasil® by 
Merck and Cervarix™ by GSK), consisting of the major capsid 
protein (CP) L1. These VLP-based vaccines have demonstrated 
excellent safety profiles, high effectiveness, and the ability to 
induce long-lasting antibody responses in humans.2 For example, 
immunization of HBV VLP vaccines induces long-lasting anti-
body responses that can be observed at least a decade after vacci-
nation.14 Similarly, HPV VLPs elicit stable antibody titers that are 
10-fold greater than that of natural infection and provide long-
term protection from infection.15,16 These successes have encour-
aged the preclinical and clinical development and testing of 
VLP-based vaccine candidates for a wide variety of other diseases.

With the major strides of VLPs as a promising vaccine plat-
form, the major challenge is to develop novel production plat-
forms that can overcome issues of the current production systems 
and can deliver VLP-based vaccines to clinics in a timely man-
ner and at a lower cost. Therefore, this review will summarize 
the role of plants as an economical and speedy alternative plat-
form for producing VLP vaccines in the light of their ability to 
provide distinctive posttranslational modifications, cost-effec-
tiveness, production speed and scalability. We will highlight 
recent achievements in expression and assembly of VLPs in plant 
systems as well as their immunogenicity in animal models and 
safety and efficacy in humans.

Limitations of Current VLP Production Platforms

Even though VLP-based vaccines for HPV and HBV have 
achieved considerable commercial success and many more VLPs 
have shown promising results as vaccine candidates against many 
other difficult diseases, commercial production systems are cur-
rently limited to yeast, insect and mammalian cell cultures, which 
have several limitations and cannot be used for the production of 
many functional VLPs.1 Several other VLP expression platforms 
such as bacterial (e.g., E. coli) cultures have been explored and 
found to have their own unique advantages and limitations.1,17,18 
The choice of VLP production platforms is generally based on 
both the structure and function of the resulting VLPs and the 
scalability and cost of the production process. Interestingly, 
despite the production of a large number of VLPs by E. coli, no 
bacterial-derived VLPs have been approved for commercializa-
tion and data on their immunogenicity is not always available. 
This is mostly due to the fact that bacteria are prokaryotes and 
thereby incapable of performing glycosylation and other post-
translational protein modifications which is a key feature in most 
VLP-based vaccines.1 For example, E. coli cultures cannot be 
used for the production of HBsAg VLPs, as there is no pathway 
in bacterial cells to secrete HBsAg for VLP formation.19 Bacteria-
derived HBsAg is also non-immunogenic and difficult to purify 
from the host cell.20

cytotoxic T cells to trigger their activation and proliferation.4,5 
Studies have shown that DCs can efficiently carry out these 
processes by uniquely taking up antigens in the cytosol and pre-
senting processed peptide antigens on MHC class I molecules or 
receptors through cross-presentation, as well as on MHC class 
II molecules through the classical antigen-processing pathway.4,5 
Thus, in addition to stimulating helper T cells, DCs can also 
stimulate naïve T cells into cytotoxic T lymphocytes (CTLs) to 
eliminate intracellular pathogens or cancer cells through antigen 
presentation on MHC class I, effectively bridging innate and 
acquired immunity. It was demonstrated that DCs preferentially 
take up particulate antigens with diameters of 20–300  nm by 
phagocytosis or macropinocytosis, approximately the size of 
most viruses.6 Like their cognate viruses, VLPs have a particle 
size ideal for DC and macrophage uptake and antigen process-
ing to initiate antigen cross-presentation. Due to the high density 
of epitopes on their surface, uptake of a single VLP feeds thou-
sands of epitopes into the processing and presentation machinery 
of APCs, further enhancing their potency in CTL induction. 
Furthermore, it was revealed that particles of 20–200 nm can 
diffuse rapidly to lymph nodes, allowing VLPs to be presented 
efficiently to B and T cells.7 Several types of VLPs were also 
found to directly induce the maturation of DCs, leading to the 
production of co-stimulatory molecules and cytokines and the 
activation of CD8+ T cells.8,9 Therefore, the particulate nature 
of VLPs facilitates their favorable targeting to relevant APCs for 
optimal induction of T cell-mediated immune responses, which 
are particularly important for combating non-cytopathic patho-
gens and eradication of cancers.

In addition to T cell responses, VLPs can be presented effi-
ciently to another crucial component of the immune system, the 
B cells, and induce strong B cell responses, due to their repetitive 
and high-density display of epitopes. Like native viruses, their 
quasi-crystalline surface with arrays of repetitive epitopes is the 
prime target for B cell recognition and can efficiently crosslink epi-
tope-specific immunoglobulins (Ig) on B cells.10,11 It was hypoth-
esized that particulate antigens with repetitive epitope spacing of 
50–100 Å are unique to microbial surfaces, and vertebrate B cells 
have evolved to specifically recognize and respond vigorously to 
these types of antigens.12 The dense repetitive antigens can hence 
trigger the crosslinking of surface membrane-associated Ig on B 
cells, the B cell receptors (BCR).13 This oligomerization of Igs 
forms a strong activation signal that leads to B cell proliferation 
and migration, upregulation of MHC class II molecules, T helper 
cell activation, IgM and IgG production and secretion, and the 
generation of long-lived memory B cells.13 Thus, VLPs induce 
high titer and durable B cell responses in the absence of adjuvants 
as they can directly activate B cells at much lower concentrations 
than antigens based on monomeric proteins.

Overall, though they lack the ability to replicate and cause 
diseases, VLPs can both directly activate B cells, leading to high 
antibody titers and long-lasting B cell memory even in the absence 
of adjuvants, and be preferentially taken up by APCs, triggering 
potent cytotoxic T cell responses. Moreover, the immune system 
has evolved multiple mechanisms that ensure its vigorous innate 
and adaptive T and B cell responses to VLPs. Consequently, these 
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producing VLPs with more than one protein.1,27 However, these 
challenges have all been overcome by the recent development of 
new plant expression systems and progress in plant glycoengi-
neering. For example, the initial production of VLPs in plants 
was slow and produced very low yield. This problem reflects the 
inherent limitations of early expression systems based on stable 
transgenic plants, including the lack of strong regulatory elements 
to drive adequate amounts of target protein accumulation as well 
as the unwanted position effects caused by the randomness of 
transgene integration in plant genome.24,31 The low production 
yield made VLP production impractical and greatly reduced the 
cost-saving benefit of plants.32

The development of plant virus-based transient plant expres-
sion systems has overcome the challenges of VLP production 
speed and yield.33,34 As reported by our group and others, the 
cloning and high-level transient expression of plant-derived VLPs 
is simple and can be achieved quickly in 1–2 weeks of vector 
infiltration with a tobacco mosaic virus (TMV) RNA replicon 
(the MagnICON) system or a geminiviral DNA replicon system 
based on bean yellow dwarf virus (BeYDV).27,35-37 Importantly, 
these new improvements in the speed and yield of VLP produc-
tion also provide the plant-expression system a critical feature of 
high versatility for producing VLP vaccines against viruses that 
mutate their surface antigens rapidly, thus providing a distinct 
advantage over other production systems in producing vaccines 
to control potential pandemics (e.g., influenza A) in a timely 
manner. Similarly, the issue of plant-specific glycans has been 
successfully resolved by the development of transgenic plant lines 
with “humanized” glycosylation pathways (see glycosylation sec-
tion below). Furthermore, successful production and assembly of 
VLPs with up to three different types of proteins have been dem-
onstrated in plants.38,39

Plant-Derived VLPs May Provide a Novel Vehicle for 
Oral Delivery of Vaccines

Conventional vaccines are produced by a costly downstream 
process and require continuous refrigeration, referred to as the 
“cold-chain,” for their transport and storage.32 Similar to the stor-
age and transport of fruits or dehydrated foods, fresh or dried 
plant parts containing subunit vaccines may present an ambient, 
temperature-stable product, thereby, providing a possible solu-
tion to the transport, storage and delivery of vaccines.25 At least 
in theory, oral immunization can be achieved by simply ingesting 
subunit vaccines in edible plant parts. This approach is appealing 
because it may eliminate or reduce the need for the costly down-
stream processing, and allows plants to serve as a novel delivery 
vehicle for vaccines, in addition to providing a robust produc-
tion system. Furthermore, the needle-free delivery method and 
natural preservation of vaccines in plant tissue may circumvent 
logistic challenges and allow practical implementation of immu-
nization programs in regions where the “cold-chain” and other 
medical supplies are limited. General concerns for the efficacy 
of orally delivered subunit vaccines include the possible dena-
turation and degradation of antigens by the digestion system, 
poor recognition of certain vaccines at mucosal immune effector 

In yeast cells, HBsAg VLPs can be produced, but the anti-
gens are aglycosylated, unlike those found in infected sera.20 In 
general, glycosylation in yeast cells is limited to inconsistent high 
mannose glycoforms,21 which may not be optimal for the assem-
bly and function of many VLP vaccines. As for the baculovirus/
insect cell system, VLPs can be produced only with simple post-
translational modifications (e.g., high mannose glycosylation).22 
Furthermore, the coproduction of baculovirus particles in the 
process may create significant problems in downstream process-
ing, vaccine efficiency, and regulatory approval. Contaminating 
baculovirus may contribute to the overall immunogenicity of 
VLPs, which causes safety concerns and regulatory complica-
tions. An example came from the production of influenza VLPs 
by baculovirus/insect cells: the contamination challenge of sepa-
rating the influenza VLPs from the baculovirus vector particles 
has to be overcome, a difficult process because both having a sim-
ilar size range of 80–120 nm.23 As a result, baculovirus particles 
and their infectivity have to be removed/inactivated by purifica-
tion steps or chemical treatments to obviate potential side effects. 
These extra steps not only increase the overall cost of the product 
but may also impair the quality of the resulting VLPs.

Due to these inherent limitations, mammalian cell cultures 
provide the optimal environment for appropriate protein post-
translational modification and authentic VLP assembly, and 
therefore, are favorable for VLP production. However, the pro-
duction cost is significantly higher than other systems and also 
requires a heavy up-front capital investment to build a manufac-
turing facility.24-27 In addition, all cell culture-based production 
systems require the construction of new facilities and fermenta-
tion tanks to accommodate larger-scale production, creating chal-
lenges in scalability. Therefore, the biology or production costs of 
current production systems may be too difficult for certain type 
of VLPs or too prohibitive for resource-poor areas of the world, 
and may prevent the full realization of the vast health-benefit 
potential of VLPs. Consequently, the development of alternative 
VLP production platforms that provide appropriate protein gly-
cosylation, efficient folding and assembly of VLPs, and are versa-
tile, robust, cost-effective, scalable, and safe are urgently needed.

Plants as Production System for VLPs

Plants offer an attractive alternative system for VLP vaccine 
production owning to their ability to produce large quantities 
of recombinant protein at low cost, their eukaryotic processing 
machinery for the post-translational modification and proper 
assembly of proteins, and the low-risk of introducing adventi-
tious human pathogens.25,28 Plants do not require expensive fer-
mentation facilities for biomass generation or the construction of 
duplicate facilities for scale-up production. Hence, plant biomass 
generation and upstream processing capacity can be operated and 
scaled-up in a flexible, capital-efficient manner that cannot be 
easily matched by current fermentation-based technologies.29,30 
Several VLPs were initially expressed in plants and yielded 
encouraging results, however, these earlier attempts suffered from 
several drawbacks including low VLP expression, plant-specific 
glycosylation of glycoproteins, and the lack of demonstration of 
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sites, and whether edible vaccines would cause inappropriate 
antigenic tolerance. This is where VLPs could be most valu-
able. VLPs, especially VLPs derived from viruses that infect 
the gastrointestinal system such as norovirus and rotavirus are 
optimal candidates for mucosal immunization and oral delivery 
of vaccines. With their compact and highly ordered structures, 
VLPs are more resistant to degradative enzymes in the digestive 
tract than soluble proteins. They are also naturally recognized 
at mucosal sites and their particulate nature allows them to be 
efficiently sampled by the “M” cells of the gut epithelium and 
thereby transported from the gut lumen across the mucosal bar-
rier into the gut-associated lymphoid tissue (GALT) for antigen 
processing and presentation.32 Moreover, their structural resem-
blance to authentic viral particles may present a “danger signal” 
that can overcome the perception of gut antigens as benign and 
thus provoke potent immune responses.40 These natural muco-
sally targeted VLPs can be also used as carriers for developing 
other oral vaccines through genetic fusion or chemical conjuga-
tion. As demonstrated by the results of four human clinical trials 
(Table 1), VLPs produced in edible plants represent a novel and 
cost-effective approach to establishing gut mucosal immunity by 
oral delivery.41-43 The commercial implementation of this strategy 
in the developed world, however, may face regulatory challenges 
as a vaccine candidate is required to have strictly controlled dos-
age content.24,25,32 Nevertheless, as new expression vectors have 
allowed more consistent VLP accumulation per unit of plant tis-
sue, this strategy may eventually offer an attractive future option 
for vaccine delivery in both the developed and developing world.

Hence, current plant expression systems not only offer the 
traditional advantages of proper eukaryotic protein modification 
and assembly, low cost, high scalability and increased safety, but 
they also allow the production of VLPs at unprecedented speed to 
control potential pandemics or with specific glycoforms for bet-
ter immunogenicity. These advantages, along with the possibility 
of a needle-free, oral delivery strategy, offer plants as a superior 
alternative production system for the broad application of the 
VLP potential. As a result, diverse VLPs have been expressed in a 
variety of expression vectors and host plant species. Results from 
these studies collectively demonstrated that plants are proficient 
in expressing and assembling both enveloped and non-enveloped 
VLPs, including those with more than two types of proteins and 
chimeric proteins. Plant-derived VLPs provide similar structures 
to commercially licensed or VLPs produced in other systems 

with an equivalent or superior immunogenicity. Some of these 
plant-derived VLPs are able to induce protective humoral and 
cell-mediated immune responses as well as show safety and effi-
cacy in human clinical trials.

Capsid VLPs

VLPs assembled from CPs have been produced for many non-
enveloped viruses. Among them, HPV VLPs are the most thor-
oughly studied. These consist of a 55-nm icosahedral structure, 
with arrays of 72 pentamers of the major CP, L1.1 These VLPs 
have been shown to trigger strong protective immune responses 
against HPV at very low doses even in the absence of adjuvants 
and consequently developed into commercial vaccines.1 The 
Merck vaccine (Gardasil®) is produced in yeast cells and targets 
both cervical cancer-causing HPV types 16 and 18 and subtypes 
that cause approximately 90% of genital warts (6 and 11).44 The 
GSK vaccine (Cervarix™) is a bivalent vaccine targeting HPV 
16 and 18 manufactured in the baculovirus/insect cell system.45 
Both vaccines have been demonstrated to be safe, effective and 
able to provide long-term protection from infection.44,45

To demonstrate the ability of plant cells in producing VLPs, 
our laboratory has extensively studied the expression and assembly 
of VLPs and successfully produced several non-enveloped VLPs 
including VLPs based on Norwalk virus CP (NVCP) and HBV 
core antigen (HBcAg). Along with other noroviruses, Norwalk 
virus (NV) is the major cause of non-bacterial gastroenteritis in 
the world, responsible for approximately 95% of viral gastroen-
teritis in the US.46 Studies have revealed that expression of the  
58 kDa NVCP alone in insect cells is sufficient to drive the assem-
bly of a non-enveloped icosahedral VLP.46 The NVCP VLPs are 
composed of 90 dimers of NVCP in a T = 3 symmetry.47 When 
administered orally in mice, the insect cell-produced VLPs can 
stimulate mucosal as well as systemic immune response.46 NVCP 
VLP is one of the most studied VLPs in plants; our research group 
and collaborators have successfully produced NVCP in several 
plant species including tobacco, potato, Nicotiana benthamiana, 
tomato and lettuce, and demonstrated that they assemble into  
38 nm virion-sized icosahedral VLPs, similar to those produced 
in insect cells and to native NV particles.30,35,36,46

The history and current status of plant-made NVCP VLP as 
a vaccine candidate illustrate the progress and remaining chal-
lenges of the plant-made biologics field. As with other early 

Table 1. Plant-produced VLP-based vaccines that have reached human clinical trial stage and FDA-approved plant-derived human pharmaceuticals

Product Disease target Plant host Development stage

Influenza A H5N1 HA enveloped VLPs Pandemic flu N. benthamiana Phase I/II187,188

Influenza A H1N1 HA enveloped VLPs Seasonal flu N. benthamiana Phase I189

NVCP non-enveloped VLPs Norwalk virus Potato and tobacco Phase I190

HBsAg enveloped VLPs Hepatitis B Tobacco Phase I113

HBsAg enveloped VLPs Hepatitis B Lettuce Phase I42,191

AIMV particles displaying rabies glycoprotein Rabies virus Spinach Phase I43

Glucocerebrosidase (ELEYSOTM) * Gaucher’s disease Carrot cell culture FDA-approved145

AlMV, alfalfa mosaic virus; HA, hemagglutinin; NVCP, Norwalk virus capsid protein. * Glucocerebrosidase is not a VLP-based vaccine, but a therapeutic 
enzyme for Gaucher’s disease.
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recombinant proteins, NVCP was first expressed in transgenic 
tobacco and potato plants.46 It required several months to a year 
to generate and select NVCP-expressing plant lines and the 
yield of NVCP was generally low [~10 μg/g fresh tissue weight 
(FW)].40 Nevertheless, assembled VLPs were observed in trans-
genic tobacco leaves, potato tubers and other plants, although 
yield and assembly varied depending on the host plant species 
and targeted tissue of expression.40 For example, the expression 
level and the degree of assembly of NVCP in potato tubers were 
relatively poor (25–50%), while higher expression levels and 
more efficient assembly were observed in tomato fruits.40

Since NV is an enteropathogenic virus, an ideal vaccine candi-
date should induce NV-specific gut mucosal immunity. Indeed, 
one of the exciting aspects of plant-derived NVCP VLP is its 
potential use as an oral mucosal vaccine in the form of minimally 
processed plant material. Traditionally, oral delivery of vaccines 
for gut immunity were hindered by concerns of denaturation of 
antigens by low pH in the stomach, degradation by digestion 
enzymes, poor transport to GALT for antigen processing and 
presentation, and potential stimulation of systemic immune tol-
erance.32,40,46 In contrast to soluble protein antigens, the unique 
structure of VLPs allows them to potentially overcome these chal-
lenges and elicit potent gut immune response upon oral delivery. 
For example, NVCP VLPs are acid and protease resistant and are 
stable in the oral-gastrointestinal environment.48,49 The overall 
structural resemblance of VLP to NV may present a “danger sig-
nal” and thus overcome the perception of them as benign. Indeed, 
specific serum IgG and intestinal IgA responses were stimulated 
in mice when they were fed with NVCP VLP-expressing potato 
tubers.40 Similar results were obtained in human volunteers, indi-
cating the immunogenicity and safety of NVCP VLP as vaccines 
in humans.32 Unlike raw potato tubers, tomato fruits present a 
better plant material for developing commercial NV vaccines as 
they are more palatable for ingestion and their production can 
be readily adapted from the well-established greenhouse culture 
practice and fruit-processing technologies of the food indus-
try.25 Consequently, NVCP VLPs were produced in transgenic 
tomato fruits and oral delivery of 4 doses of 0.4 g freeze-dried 
tomatoes (containing 40 μg VLP) stimulated strong serum anti-
NVCP IgG and fecal mucosal IgA responses in more than 80% 
of mice.50 Moreover, an oral immunization regime with a higher 
dosage (0.8 g per dose) induced excellent systemic and mucosal 
antibody responses in all immunized mice.51 Comparative stud-
ies indicated that NVCP VLPs orally delivered in freeze-dried 
tomato were more immunogenic than that in freeze-dried potato 
tubers.51 Perhaps the relative low phenolic and high antioxidant 
(i.e., ascorbic acid) content of tomato fruits provided a less oxida-
tive environment than that of potato tubers and resulted in better 
VLP stability.

Up to this point, the major limitations of NVCP VLP pro-
duction in plants were the long period of time requirement for 
generating stable transgenic plants and the accompanying poor 
antigen yield. To overcome these challenges, we explored the 
utility of a deconstructed TMV based MagnICON transient 
expression system for VLP production. Our results showed that 
this system allows rapid production of NVCP VLPs at very high 

levels. Specifically, fully assembled VLPs can be produced at a 
level of 0.8 mg per gram of fresh leaf weight (FLW) within 12 d 
of infiltration in N. benthamiana plants, at least an 80-fold greater 
production than in transgenic tobacco and tomato.36 Oral immu-
nization of mice with transiently-expressed VLPs (100 μg dose) 
induced strong and balanced systemic IgG1/IgG2a response in 
the absence of any adjuvant.36 Furthermore, oral delivery of VLPs 
also elicited significant NVCP-specific vaginal and fecal mucosal 
IgA responses in all immunized mice.36 A significantly enhanced 
NVCP-specific immune response was observed when cholera 
toxin was co-delivered in the oral immunization.46 Therefore, 
this transient expression system has overcome the limitations 
associated with transgenic plant system and rendered a robust 
plant system for VLP production. Recently, we developed another 
robust expression system for NVCP VLPs based on BeYDV DNA 
replicon vectors and grocery store-bought lettuce.30,52 Lettuce is 
cultivated readily and can produce large quantities of biomass 
rapidly. Unlike tobacco and related species of Nicotiana, lettuce 
is an edible plant and can be consumed raw. Our results dem-
onstrate that the BeYDV replicon system permits NVCP VLP 
expression and assembly with as high of a level and efficiency in 
lettuce as those of MagnICON system in N. benthamiana.30 In 
fact, the highest level of VLP accumulation was observed within 
4 d of lettuce infiltration,30 a week faster than the MagnICON 
system in tobacco. Furthermore, this study demonstrates the fea-
sibility of using commercially produced lettuce for high-level and 
rapid VLP production.30 This allows our production system to 
have access to unlimited quantities of inexpensive plant material 
for industry-scale production. The robustness and scalability of 
the VLP expression in lettuce, coupled with the unlimited nature 
of plant material generation, provide a production platform for 
orally deliverable NVCP VLPs that is low cost, safe, and ame-
nable to large-scale manufacturing.

Other challenges to the commercialization of plant-made vac-
cines include the lack of scalable downstream processing proce-
dures, the uncertainty of regulatory compliance for production 
processes, and the lack of demonstration to date of plant-derived 
products that meet the required safety standards of regulatory 
agencies.24,25,28 While immunization by eating unprocessed plant 
parts still presents a viable approach to delivering plant-produced 
VLPs, considerations of regulatory compliance have necessitated 
the development of downstream processing technologies to pro-
duce VLP vaccines with a defined unit dosage.24 In response to 
these challenges, our group has successfully developed a novel and 
scalable extraction and purification scheme for efficiently recov-
ering NVCP VLPs from plant tissue.27 Moreover, we successfully 
operated the upstream and downstream production processes 
under current Good Manufacture Practice (cGMP) regulations 
and produced high quality VLPs that meet the all preset release 
specifications in identity, purity, potency and safety.27 This pro-
vides the first precedent of producing a plant-derived vaccine at 
scale under cGMP regulations in an academic setting and is an 
important step for plant-produced VLPs to become a commercial 
reality. Ongoing research by our group and collaborators is evalu-
ating the effect of various adjuvants including toll-like receptors 
(TLR) on systemic and mucosal (nasal, bronchoalveolar, salivary, 
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gastrointestinal, fecal and vaginal) immunity when co-delivered 
orally or nasally with the cGMP-purified VLPs. Our prelimi-
nary results indicate that inclusion of a TLR9 agonist in oral or 
nasal immunization stimulated stronger systemic and mucosal 
IgG and IgA responses than with VLP alone, with nasal delivery 
producing the most potent response and being able to induce IgA 
response in distal mucosa (Chen, manuscript in preparation). 
NV is a member of the Norovirus genus. There is still no licensed 
norovirus vaccine for human use on the market. The variability 
of CPs in different norovirus serotypes requires the development 
of vaccines that can ideally provide broad protection from all 
serotypes. Research efforts on NVCP VLPs from our laboratory 
have demonstrated a robust plant-expression platform for the 
cost-effective and rapid manufacture of VLP vaccines for nor-
oviruses that can induce strong humoral, mucosal and cellular 
immune response in animal models.27,30 We anticipate that a new 
Phase I human clinical trial with NVCP VLPs that are purified 
from plants will be conducted in the near future.

HBV causes approximately one million deaths per year and 
has more than 350 million chronically infected carriers in the 
world with high incidence in the developing world.1 The current 
recombinant human vaccines for HBV are enveloped VLPs based 
on HBsAg produced in yeast cells and are delivered by intramus-
cular injection.53,54 It was observed that HBcAg also self-assem-
bles into sub-viral particles.55 Recombinant HBcAg has been 
expressed in a variety of expression systems and was observed to 
assemble into 30 nm VLPs with 180 or 240 subunits arranged 
in a T = 3 or T = 4 icosahedral symmetry.40,55 HBcAg is highly 
immunogenic and has been shown to enhance the immunoge-
nicity of HBsAg VLPs when co-delivered together, indicating 
its potential as a component of a more potent HBV vaccine.56,57 
Since plants offer a robust and low cost production platform for 
antigen proteins, plant-derived HBV VLP vaccines would offer 
much greater benefit for the developing world. HBcAg was first 
expressed in transgenic tobacco leaves. Similar to the scenario 
of NVCP, it took several months to a year to generate and select 
HBcAg-expressing plants and the expression level was also rather 
low (up to 24 μg/g FLW).58 Subsequent expression attempts with 
two full viral vectors based on the potato virus X (PVX) and 
the cowpea mosaic virus (CPMV) also yielded disappointing 
results (~10 μg/g FLW).40 In addition to the extremely low-level 
of HBcAg accumulation, the full virus-based expression vectors 
also suffer from the drawback of coproduction of plant virus 
particles, creating problems for downstream processing. Despite 
these challenges, HBcAg produced in these early plant expres-
sion systems did correctly assemble into VLPs as demonstrated 
by immunosorbent electron microscopy.40,58 Later, our group and 
collaborators have shown that HBcAg VLPs can be expressed 
at very high levels in plants when deconstructed viral vectors 
are employed. For example, transient expression of HBcAg 
with geminiviral vectors resulted in a high accumulation level 
of 0.8 mg/g FLW in N. benthamiana within four days of plant 
infiltration and the assembly of 30 nm particles, indistinguish-
able from VLPs produced in other host cells.35 Deconstructed 
TMV-based MagnICON vector allowed even higher-level 
HBcAg expression (2.38 mg/g FLW) in N. benthamiana, as well 

as efficient assembly of VLPs.59 Intraperitoneal injection of par-
tially purified HBcAg VLPs (20 μg per dose at weeks zero and 
two) stimulated strong serum antibody responses in mice, with 
the same timing and intensity as the E. coli-produced VLPs.59 
Furthermore, oral and intranasal delivery (500 μg per dose at 
weeks zero and two) of these VLPs in the absence of any adjuvant 
in mice also stimulated HBcAg specific serum IgG and intesti-
nal IgA response.59 These results indicate that plant-expression 
systems can robustly produce large quantities of immunogenic 
HBcAg VLPs in a short time period. These VLPs can be poten-
tially formulated with HBsAg VLPs to produce a more potent 
HBV vaccine than the current yeast cell-derived vaccine that is 
based on HBsAg alone. Ideally, this new VLP vaccine can be 
delivered mucosally (oral or intranasal) to eliminate the need of 
needles. This would greatly improve the practical implementa-
tion of vaccine programs in resource-poor countries, where HBV 
infection is prevalent. Alternatively, plant-derived HBcAg VLPs 
can be used as an effective carrier for foreign epitope presentation 
and the mucosal delivery of these epitopes.

The commercial success of HPV L1-based VLP vaccines 
produced in yeast (Gardasil®) and insect cells (Cervarix™) 
has encouraged the production of these VLPs in plants. Initial 
expression with stable transgenic potato and tobacco yielded low 
to modest levels of VLPs, but they were correctly assembled and 
similar to the commercial products.60-62 Subsequent expression 
with MagnICON transient expression vectors or via transplasto-
mic techniques in N. benthamiana has greatly improved the level 
of VLP accumulation.40,63 Plant-derived HPV16 and 11 VLPs 
were shown to be as immunogenic as the commercial vaccines 
in mice and rabbits when administered subcutaneously.61,64-66 
Oral delivery of four, 5 g doses of recombinant potato tubers, 
however, only stimulated weak serum antibody response even in 
the presence of adjuvant.40,66,67 Nevertheless, subsequent oral or 
subcutaneous delivery of low doses of purified VLPs significantly 
boosted the L1-specific response, indicating that the initial feed-
ing did result in the priming and the establishment of L1-specific 
immune memory.40,66,67 Next generation plant-made HPV vac-
cines based on chimeric VLPs or chimeric plant virus particles 
displaying HPV epitopes have been developed. Some of them 
have shown to be more potent than the current L1 VLPs or to 
have additional therapeutic efficacy in preventing tumor forma-
tion/growth in mice (See chimeric VLPs section below).

One of the early skepticisms of plant expression systems was 
whether they had the ability to produce and assemble VLPs with 
more than one protein subunit. However, evidence to support 
that ability came from the production of VLPs of Rotavirus 
(RTV) CPs. When RTV CPs VP2 and VP6 were co-expressed 
in tomato plants, it was observed that VP2/VP6 self-assembled 
into VLPs in tomato fruits.38 Moreover, expression of VP2, VP6, 
and VP7 in transgenic tobacco resulted in the assembly of RTV 
VLPs containing all three CPs with a diameter of 60–80 nm sim-
ilar to native RTV particles.39 Oral delivery of VLP-containing 
tobacco protein extracts with cholera toxin as an adjuvant pro-
voked RTV-specific serum IgG and fecal IgA responses compa-
rable to those of attenuated RTV vaccines.39 Since RTV infects 
the gastrointestinal system and is the leading cause of severe 
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gastroenteritis, plant-produced RTV VLPs are effective yet low-
cost vaccine candidates against RTV. Due to the nature of RTV 
VLPs, their production in plants also provides an ideal candi-
date carrier for displaying antigens to induce specific gut muco-
sal immunity against other enteropathogens. Another example is 
the formation of double-shelled VLPs of rice dwarf virus (RDV). 
Expression of CP (P8) of RDV alone did not lead to the for-
mation of VLPs. However, when P8 and a major core protein 
(P3) were co-expressed in transgenic rice plants, the formation of 
double-shelled VLPs similar to the authentic RDV particles were 
observed, further demonstrating the ability of plants to express 
and assemble complicated VLPs.68 Other plant-derived VLPs 
include particles assembled from hepatitis E virus CP (HEV CP) 
in potato69 and Indian peanut clump virus coat protein (IPCV 
CP) in N. benthamiana.70

Plant-Derived Enveloped VLPs

Enveloped VLPs are shells assembled from the capsid and/or 
envelope protein(s) of enveloped viruses surrounded with a lipid 
membrane known as the viral envelope. This envelope is derived 
from the host cell plasma membrane in a process termed “bud-
ding”.71 The presence of a host cell-derived membrane provides 
additional possibilities to integrate heterogonous antigens and 
adjuvants, either embedded in the membrane, or enclosed inside 
the lumen, but also potential challenges in regulatory approval 
due to the uncertainty of host cell components in the envelope.

Since the discovery that HBsAg can self-assemble into 22 nm 
enveloped VLPs containing approximately 100 HBsAg mole-
cules, vaccines based on HBsAg have served as an excellent exam-
ple that demonstrated the safety, efficacy, and the high potential 
for VLP vaccines.72 HBsAg VLPs isolated from plasma are the 
first licensed VLP vaccine for preventing an infectious disease.73 
Furthermore, yeast-produced HBsAg VLPs are the first example 
of a recombinant vaccine that is effective against a human viral 
infection and approved by the FDA.53,54 Enveloped VLPs based 
on HBsAg are also the first VLPs ever produced in plants.32 
HBsAg was initially expressed in transgenic tobacco. While the 
expression level was low (66 μg/g total soluble protein), this 
study did demonstrate that HBsAg-containing vesicles budded 
out of endomembrane of tobacco cells to form spherical envel-
oped VLPs similar to the yeast-produced commercial vaccine 
antigen and subviral particles of HBV.74 In addition to tobacco, 
these VLPs have also been successfully produced in transgenic 
lettuce, tomato, tomatillo, potato, corn, and banana, as well as in 
cell cultures of soybean and tobacco.75 HBsAg dimer formation, 
which is required for correct processing and assembly of VLPs, 
was demonstrated for leaf and plant culture cell-derived HBsAg,40 
indicating that plants contain a favorable environment for VLP 
assembly. Partially purified tobacco-derived HBsAg VLPs were 
used in intraperitoneal immunization experiments in mice and 
they were shown to evoke B and T lymphocytic responses similar 
to the yeast recombinant vaccine.76 To demonstrate that mucosal 
immune response can also be stimulated by oral administration, 
mice were fed with 5 g of raw potato tubers containing approxi-
mately 42 μg of HBsAg. Surprisingly, the potato-derived VLPs 

were superior to the yeast-derived antigen in both priming and 
boosting anti-HBsAg IgG responses in mice.77 These preclinical 
successes have led to two human clinical trials with plant-derived 
HBsAg VLPs (See clinical trial section below). Comparison of 
different plant-derived HBsAg VLPs indicate that M protein-
based VLPs induced more potent specific antibody responses 
than VLPs based on S protein in mice when injected intraperito-
neally.50 It is speculated that oral delivery of both VLPs may yield 
similar results with M-protein (M protein = pre-S2 +S protein) as 
the more potent immunogen. Since the pre-S2 component pro-
duced in yeast was able to recruit T-cell help to overcome non-
responsiveness to S protein immunization, the results from plants 
also suggest that producing a chimeric HBsAg VLP that also dis-
plays T-helper epitopes could generate a more potent immunoge-
nicity. Recently, the entire surface antigen (large surface antigen) 
of HBV has been expressed in transgenic tomato, lettuce and 
tobacco, and shown to assemble into VLPs.78,79

The recent development of influenza VLP vaccines has dem-
onstrated the superiority of plant expression systems over other 
manufacturing platforms in their simplicity, speed and cost for 
controlling potential pandemics of infectious diseases. Influenza 
VLPs have been produced in mammalian and insect cells with 
the co-expression of hemagglutinin (HA), neuraminidase (NA), 
and the matrix (M1) protein.80 While expression of HA alone is 
able to drive the VLP formation in mammalian cells, NA is still 
needed to release the VLPs from the producing cells because HA 
binds to the sialylated glycoproteins on the cell surface.81 These 
VLPs have been shown to elicit both antibody and cell-mediated 
immunity as the inactivated native virus, but are superior to 
soluble HA antigen or inactivated virus in inducing antibodies 
against a broader panel of distinct influenza isolates.82 However, 
the recent threat of another deadly influenza pandemic from 
the rapid, worldwide spread of AH1N1 influenza epidemics has 
exposed the weakness of the current egg-based, VLP platform, 
especially in manufacturing speed.83 The capability of responding 
quickly to flu pandemics is further hindered by the “clustering” 
of manufacturing facilities in highly developed countries, due to 
the requirement of heavy capital investments for constructing 
and operating bioreactor-based cell culture facilities. An effective 
pandemic flu vaccine needs to be produced in the shortest achiev-
able timeframe to halt the spread of the new strain, preferably 
by low cost platforms that allow affordable vaccine manufactur-
ing in the developing world. A platform based on transient plant 
expression is likely to address such cost and time issues. VLPs 
comprised of HA alone are arguably the simplest and most real-
istic candidates for flu pandemic vaccines because they require 
only the HA coding sequence of the pandemic strain for expres-
sion, impose fewer constraints on process and product character-
ization, and lower the risk of failure when production processes 
need to be adapted for a new viral strain.83 However, produc-
ing VLPs based on HA alone is not feasible in mammalian cells 
because HA binds to the sialylated glycoproteins on the cell sur-
face and cannot be released from the producing cells.81 Plant cells 
provide a unique advantage for producing VLPs based solely on 
HA because plant glycoproteins are not sialylated.84,85 HA anti-
gen from two Type A influenza strains (H5N1 and H1N1) was 
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first transiently expressed in N. benthamiana plants. It was found 
that both H5 and H1 antigens accumulate at a level of 50 μg/g 
FLW in the apoplast, the space between the plasma membrane 
and the cell wall.85 A much enhanced HA accumulation level 
(400–1,400 μg/g FLW) was achieved later by using TMV-based 
transient expression vectors.86 Analysis with differential centrifu-
gation, size-exclusion chromatography, electron microscopy and 
light scattering techniques all confirmed the assembly of true 
VLPs with a lipid bilayer envelope supporting the presentation 
of the expected HA trimers.85 Lipid composition and electron 
microscopy analyses also revealed that as in its natural animal 
hosts, plant-derived HA VLPs bud from the plasma membrane 
of the host cell.85 To date, assembly of plant-derived HA VLPs 
has been demonstrated for additional type A influenza strains 
(H2, H3, H6 and H9) and a type B influenza stain, HAB.87 
The antigenicity of plant-derived HA VLPs have been tested in 
animal models, including mouse and ferret. It was shown that 
two intramuscular doses of as little as 0.1 μg H5-VLPs with or 
without adjuvant (alum) triggered a strong immune response 
against the homologous strain, and two doses of 0.5 or 1 μg pro-
tected 100% mice from lethal challenges of two heterologous 
H5N1 strains.85,87 Similarly, intranasal delivery of two doses of 
H5-VLPs also induced a strong Hemagglutination Inhibition 
(HI) antibody response in mice, irrespective of the presence of 
the adjuvant chitosan.85,87 Furthermore, immunization of mice 
with a single dose (5 μg) of H1N1 (swine flu)-H1 VLPs induced 
a positive immune response in 100% of animals.88 Plant-derived 
HA VLPs were further tested in ferrets, which demonstrated that 
a single dose of 5 μg or two doses of 1 μg adjuvanted (alum) 
H5-VLPs evoked a strong HI antibody response against a homol-
ogous H5N1 strain that meets the protective criteria of influ-
enza vaccine established for product licensure by the European 
Committee for Medicinal Products for Human use (CHMP).87 
The same study also demonstrated the efficacy against heterolo-
gous H5N1 virus as two doses of 1 μg plant H5-VLPs elicited a 
strong cross-reactive immune response against two H5N1 clade 
2 viruses; whereas 5 μg doses simulated a response that meets the 
CHMP protection criteria against a clade 1 heterologous strain.87 
Recently, it was demonstrated that co-delivery of two doses of 
1.8 μg plant H5-VLPs with alum fully protected ferrets against a 
heterologous lethal challenge.88

New expression vectors and downstream processing steps have 
been developed and optimized for rapidly producing HA-based 
VLPs in plants at commercial scales. Specifically, master and 
working banks of Agrobacteria strains harboring the H5 and 
silencing suppressor expression plasmids have been established 
with working banks having the capacity to support 300 produc-
tion batches.88 In its current operation the production batch is 
defined as 25kg of leaf biomass derived from approximately 1,500 
N. benthamiana plants and several batches can be agroinfiltrated 
and processed weekly. Leaf protein extracts are then obtained by 
mechanical homogenization and removal of insoluble debris by 
centrifugation. Extracts are further clarified and VLPs are puri-
fied by a scheme that consists of ion exchange and affinity chro-
matography. The purified VLPs are subsequently concentrated 
and formulated by diafiltration (DF) and ultrafiltration (UF).89 

The feasibility of rapid VLP vaccine production in plants to com-
bat a flu pandemic was put to a real-life test in response to an 
unexpected outbreak of a novel A/H1N1 influenza virus and its 
rapid development into a pandemic.88 Remarkably, it took only 
two weeks to obtain infiltrated plants that expressed high levels 
of HA of the new A/H1N1 strain, and another five days to obtain 
the first purified lot of this VLP vaccine from the date that the 
HA sequence of this strain became available. Two doses (5 μg) 
of injection in mice triggered a potent HI antibody response with 
a mean HI titer of 1:385 in the presence of the adjuvant (alum) 
and 1:116 in the absence of alum,88 indicating that the plant plat-
form is not only rapid but also produces efficacious vaccines. This 
real-life test demonstrated that a highly efficacious pandemic 
VLP vaccine can be produced in plants within days from the 
identification of a new influenza strain. Overall, the plant-based 
platform allows the production of influenza VLPs with unprece-
dented speed. In addition, large-scale upstream and downstream 
processing of plant-derived influenza VLP have been successfully 
developed and yielded cGMP products that demonstrated their 
efficacy and safety in animal studies.88 The plant-derived pan-
demic H5N1 VLP vaccine has been tested in a Phase I and a 
Phase II human clinical trial and an H1N1 VLP seasonal vaccine 
candidate has been tested in a Phase I trial.

Enveloped VLPs based on the unprocessed major core protein 
Gag precursor (Pr55gag) of human immunodeficiency retrovirus 1 
(HIV-1) have also been produced in transgenic plants. Low Pr55gag 
expression was detected with nuclear expression of the transgenic 
gene.90 In contrast, transplastomic expression of Pr55gag in chloro-
plasts of tobacco has resulted in high levels of accumulation (up 
to 312–263 μg/g FLW) and assembly of VLPs that are similar 
to those produced in insect cells.91 Pr55gag VLPs are a promising 
HIV-1 vaccine candidate as they can stimulate both humoral and 
cellular immune responses in the complete absence of adjuvant.92 
Indeed, plant-derived VLPs were able to boost both humoral and 
cellular immune responses in mice primed with a Gag DNA vac-
cine,90 suggesting that a T-cell stimulating HIV vaccine based on 
plant-derived VLPs is becoming possible.

Our laboratory has explored the plant production of envel-
oped VLPs as vaccine candidates for flaviviruses. We constructed 
a molecular construct containing plant-codon optimized genes 
for the premembrane (prM) and the envelop (E) protein of 
West Nile virus (WNV) New York 1999 strain and transiently 
expressed them in N. benthamiana with the deconstructed 
TMV vectors. Western blot analyses showed that PrM and  
E proteins were expressed at the expected sizes in plants (Fig. 1). 
Furthermore, the processed mature membrane (M) protein was 
also observed (Fig. 1). Interestingly, the relative band intensity 
of plant-derived prM and M on western blots (Fig. 1) is compa-
rable to that in the purified WNV virion,93 indicating prM to M 
processing was similar between plant-derived recombinant anti-
gen and virion protein. Results of sucrose gradient centrifuga-
tion demonstrated the assembly of VLPs containing both E and 
prM/M proteins of WNV (Chen, manuscript in preparation). 
Similarly, a plasmid encoding part of the capsid, complete prM 
and truncated E protein of dengue virus (DV) 3 was introduced 
into lettuce chloroplasts by another group; results of transmission 
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electron microscopy showed that structures resembling VLPs 
were observed in transplastomic lettuce samples, but not in wild-
type lettuce, suggesting a possibility of VLP assembly.94 Other 
plant-produced enveloped VLPs include a bivalent vaccine for 
HIV and HBV expressed in tobacco and Arabidopsis,95 HBsAg 
VLPs displaying GFP as antigen,96 HBsAg VLPs displaying 
hepatocyte receptor binding epitope,97 HBsAg VLPs displaying 
HIV-1 ENV and GAG epitopes98 and HIV-1 Gag VLPs pro-
duced in N. benthamiana99 (Table 2).

Plant-Produced Chimeric VLPs

The particulate nature and high-density presentation of CP on 
their surface make VLPs an attractive carrier for displaying for-
eign epitopes. Consequently, a forthcoming application of VLPs 
is to display heterologous antigens by either genetic fusion or 
chemical conjugation to generate more immunogenic vaccines.100 
The mode of action that benefits the displayed antigen may occur 
at multiple levels as the heterogonous antigen is anchored in the 
VLP and presented in a high-density repetitive array, thereby, 
protecting antigen and enhancing immune cell uptake and stim-
ulation. The carrier VLP type and the foreign antigen density 
and accessibility on/within the VLP significantly dictate the 
direction and intensity of the immune response, favoring either 
a humoral or cell-based immune response, or both.101 Moreover, 
pre-existing immunity against the epitopes of the carrier VLP 
may significantly impact the response against the heterogonous 
antigen.102 Several of these recombinant VLPs, termed chimeric 
VLPs (cVLPs), have entered clinical trials, including HBcAg 
VLPs displaying M2 epitope of influenza A,103 yeast transposon 
Ty VLPs displaying HIV p17/p24 antigens,104 and HBcAg VLPs 
displaying malaria epitopes.105

Generation of cVLPs by genetic fusion. Genetic fusion offers 
several advantages including a stable bond between VLPs and 
the fused antigen and a less complex manufacturing process for 
the target cVLPs. However, only protein-based antigens can be 
attached to VLPs by genetic fusion and the outcome of the genet-
ically created cVLPs can be unpredictable depending on many 
factors including the length and net charge of the target antigen 
peptide.106 In general, many antigens are incompatible with VLP 
assembly and only small peptides shorter than 30 amino acids 
can be displayed without interfering with the proper assembly 
of VLPs, although there are rare exceptions to this rule.100 Other 
potential issues include the inappropriate folding of displayed 
antigens and/or the formation of cVLPs with heterogeneous 
size.107 To avoid inappropriate folding and/or assembly problems, 
extensive structural studies have been performed for various VLPs 
including HBcAg, HBsAg and HIV Gag that have identified 
domains that are dispensable for VLP assembly and also allow 
insertion of foreign antigens.72 For single component cVLPs, the 
simplest way is to fuse the peptide to the N- or C-terminus of 
chimeric VLPs. Multiple fusion positions, however, have to be 
identified for generating multi-component cVLPs. For example, 
parts of the matrix and CPs or the carboxyl-terminal p6 moiety 
of HIV-1 Gag protein are found to be amenable for deletion and 
subsequent insertion of antigen sequences without affecting VLP 

assembly, allowing the display of multiple epitopes either from 
other regions of the cognate virus or from a foreign virus in the 
Gag particle context.72 Platforms like this facilitate the develop-
ment of multi-epitope vaccines that have been shown to be more 
potent in inducing broad immune responses.

Our laboratory has been actively involved in the development 
of cVLPs in plants. One of the latest examples is the development 
of a vaccine candidate against WNV infection. In this construct, 
the domain III (DIII) of the WNV E protein was genetically 
fused to HBcAg. Expression of this construct with geminiviral 
transient expression vectors in N. benthamiana rendered robust 
high-level accumulation of the HBcAg-DIII fusion antigen in 
plant leaves.52 Analyses with electron microscopy confirmed 
the assembly of the cVLPs (Fig. 2). Immunological studies in 
mice demonstrated that these cVLPs provoked strong B and 
T-cell responses that are superior to that of the non-fused DIII 
antigen (Chen, manuscript in preparation). Similar results were 
obtained when this cVLP was expressed with MagnICON vec-
tors. HBcAg was also explored to display the influenza virus M2 
epitope. Transient expression via PVX viral vectors resulted in the 
expression and assembly of HBcAg-M2 cVLPs.108 Intraperitoneal 
delivery of this cVLP induced a strong M2-specific serum anti-
body response and protected 90% mice from a lethal influenza 
challenge.108 HBcAg was also used to display a neutralizing epi-
tope of HPV16 L2 protein. Expression and assembly of HBcAg-
HPV16 L2 epitope cVLPs were observed in tobacco and nasal 
delivery of cVLPs triggered antigen specific antibody response 

Figure 1. Production of West Nile virus enveloped VLP based on the 
prM/M and the E protein in N. benthamiana plants. Leaf tissue was 
infiltrated with Agrobacterium harboring the WNV prM-E construct. Leaf 
proteins were extracted 7 d post infiltration. PrM/M-E VLP was isolated 
by PEG precipitation and analyzed on 4–12% SDS-PAGE gels and trans-
ferred onto PVDF membranes. The membranes were incubated with an 
anti-WNV E antibody (Lanes 1–3) or an anti-WNV M-E antibody (Lane 4). 
Lane 1, Protein sample from buffer-infiltrated leaves; Lane 2, Purified 
WNV E protein as positive control; Lanes 3–4, Samples from prM-E 
construct-infiltrated plants. *, E protein; **, Unprocessed prM protein; 
***, Processed M protein.
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in mice.40 In another example, an HPV 16 L1-based chimeric 
VLP was produced in transgenic tomato to display several T-cell 
epitopes from HPV16 E6 and E7 proteins.109 The HPV L1-E6/
E7 VLPs were found to be assembled similar to the parental L1 
VLPs and induced a neutralizing antibody response comparable 
to that from an equivalent amount of the commercial vaccine 
(Gardasil®) in mice.109 Moreover, the chimeric VLP also elicited 

CTLs activities against the E6 and E7 epitopes.109 Chimeric HPV 
L1 VLPs have also been created by genetic fusion to display epit-
opes of influenza M2 protein.110

Chimeric VLPs have been employed to develop animal vac-
cines. One example is to use the VLP of cucumber mosaic virus 
(CMV) CP to display several epitopes of Newcastle Disease Virus 
(NDV). Epitopes from fusion (F), hemagglutinin-neuraminidase 

Table 2. Examples of plant-derived enveloped VLPs and cVLPs

Antigen Expression system Plant host Immunogenicity

Influenza A H5N1 HA
Transient expression with plastocyanin 

expression vectors
N. benthamiana

IM and IN delivery induced protective immu-
nity against homologous and heterologous 
strains in mice and ferrets. Induced a strong 

immune response and found to be safe in 
humans.85,87,88,187,188

Influenza A H1N1 HA
Transient expression with plastocyanin 

expression vectors
N. benthamiana

IM delivery induced HI antibody titers of 184–385 
in mice. Induced a strong immune response and 

found to be safe in humans.88,189

HBsAg S protein

Stable transgenic plants, Transient 
expression with MagnICON and 

Geminiviral “deconstructed”  
viral vectors

Tobacco, lettuce, 
tomato, tomatillo, 

potato, corn, banana, 
N. benthamiana, 

soybean

IP induced B and T cell responses similar to the 
commercial yeast vaccine. Oral delivery induced 

IgG response in mice. Oral delivery in humans 
was found safe and induced anti-HBsAg IgG that 

exceeded the protective level.42,76,77,113,191

HBsAg M protein
Transient expression with nonviral  

vector, stable transgenic plants
N. benthamiana, 

potato
IP induced better serum anti-HBsAg responses in 

mice than S protein based HBsAg VLPs.50

HBsAg L protein Stable transgenic plants
Tomato, lettuce, 

tobacco78,79 NR

HIV-1 Pr55gag

Transient expression with nonviral  
vector, stable transplastomic expres-

sion, stable transgenic plants,  
TMV-based viral vector transfection, 
Transient expression with MagnICON 

and Geminiviral “deconstructed”  
viral vectors

N. benthamiana, 
tobacco

IM injection boosted both humoral and cellular 
immune responses in mice primed with a Gag 

DNA vaccine.90,91

WNV prM/M and E
Transient expression with MagnICON 

and Geminiviral “deconstructed”  
viral vectors

N. benthamiana* NR

Dengue-3 capsid, prM/M 
and E

Stable transplastomic  
chloroplast expression

Lettuce94 NR

HBsAg VLP displaying HIV-1 
ENV and GAG epitopes

Stable transgenic plants tomato
Oral delivery induced high levels of serum and 

mucosal HIV and HBV-specific antibodies in 
mice.98

HBsAg VLP displaying HIV-1 
polyepitope

Stable transgenic plants Tobacco, Arabidopsis
Oral delivery provoked strong anti-HIV-1 specific 

CD8+ cell activation in mice.95,114

HBsAg VLP displaying HBV 
preS1 epitope

Stable transgenic plants Rice
IP induced both anti-preS1 and anti-HBsAg 

responses in mice.97

HBsAg VLP displaying full-
length GFP

Transient expression  
with nonviral vector

N. benthamiana96 NR

HIV-1Gag VLP displaying 
gp41

Transient expression with MagnICON 
“deconstructed” viral vectors

N. benthamiana99 NR

IM, intramuscular; IN, intranasal; IP, intraperitoneal injection; *, this report; NR, not reported.
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(NH) protein and the tandem F-NH peptide were genetically 
fused to CP and expressed via PVX vectors in N. benthamiana, 
which resulted in the production of chimeric CMV VLPs that 
are morphologically indistinguishable from wild type CMV par-
ticles.111 Chickens immunized with purified F-NH VLPs devel-
oped antigen-specific antibody response.111

The presence of the lipid bilayer envelope provides these VLPs 
additional opportunities to incorporate foreign antigens, either 
by anchoring to the membrane, or packaging inside the lumen. 
Several enveloped chimeric VLPs have been produced in plants. 
For example, the 239 amino-acid full length GFP was genetically 
fused to HBsAg and the fusion protein was shown to fold cor-
rectly and form VLPs in plants, demonstrating the feasibility of 
using HBsAg-VLPs as a carrier to display large protein antigens 
on its surface and the use of plants as a platform for the robust 
production of this type of cVLPs.96 Moreover, leaf co-expression 
of the GFP-HBsAg fusion with unmodified HBsAg resulted in 
disulfide cross-linking to create heterodimers, suggesting the pos-
sibility of creating multivalent cVLPs with this carrier.112 Indeed, 
expression of a fusion protein consisting of amino acids 21–47 
of the hepatocyte receptor-binding presurface 1 region (preS1) 
fused to the C-terminus of HBsAg resulted in the formation of 
cVLPs in rice seeds.97 This plant-produced cVLP was shown to 
induce antibody responses against both HBsAg and preS1 in 
mice, indicating it is a potential candidate for a more potent HBV 
vaccine as anti-preS1 antibodies can prevent HBV from binding 
to hepatocytes.97 In another example, a polyepitope identified 
in five major HIV proteins was fused to HBsAg and expressed 
in both tobacco and Arabidopsis plants. Enveloped VLPs con-
taining the polyepitope-HBsAg fusion protein were identified in 
these transgenic plants.95 Similarly, chimeric HBsAg VLPs dis-
playing HIV-1 ENV and GAG epitopes were produced in trans-
genic tomato.98 These chimeric VLPs have the potential to serve 
as vaccines for inducing mucosal immune response against HIV 
since oral delivery of plant-derived HBsAg VLPs elicited potent 
immune response against HBsAg in both mice and humans.77,113 
Indeed, feeding of recombinant dried tomato induced high levels 
of serum and mucosal (fecal) HIV- and HBV-specific antibodies 
in mice.98 Furthermore, oral boosting with lyophilized recombi-
nant tobacco tissue after DNA vaccine priming in mice provoked 
strong anti-HIV-1 specific CD8+ cell activation.114 These VLPs 
could also be used to develop bivalent vaccines for HIV and 
HBV. A cVLP consisting of the envelope protein gp41 and Gag of 
HIV-1 was also produced in N. benthamiana. It was shown that 
transient expression of Gag with MagnICON vectors resulted 
in the accumulation of 100 nm Gag VLPs in leaves.99 Transient 
expression of a “deconstructed” version of gp41 in stable Gag-
expressing transgenic N. benthamiana plants suggested that the 
two proteins may assemble into chimeric enveloped VLPs.99 Since 
gp41 plays a critical role in HIV mucosal transmission and infec-
tion of CD4+ cells, this cVLP may be considered as a potential 
mucosal vaccine candidate against HIV-1.

Generation of cVLPs by chemical conjugation. To overcome 
the antigen size, conformation and VLP assembly constraints 
associated with genetic fusion, chemical attachment approaches 
have been extensively explored to produce cVLPs. In this strategy 

target antigens and native VLPs are produced separately and sub-
sequently linked together by attaching the antigen to the sur-
face of the preassembled VLPs. Two major advantages of this 
approach are: (1) diverse sizes and types of antigens, including 
nonprotein-based antigens, can be displayed and (2) the antigen-
VLP binding site can be manipulated to maximize the expo-
sure of the conjugated antigen. For example, it is now possible 
to use VLPs to display full-length and correctly folded proteins, 
such as interleukin-17.115,116 This ability is crucial for developing 
effective vaccines against pathogens with antigenic variations, as 
larger proteins are more potent than short peptides in provoking 
antibodies that recognize a broad range of liner and conforma-
tional epitopes on the pathogen. The conjugation approach has 
also allowed the creation of chimeric VLPs that display nonpro-
tein antigens. For example, an antismoking therapeutic vaccine 
was successfully developed by conjugating nicotine to VLPs of 
the bacteriophage Qb.117 The power of this approach was fur-
ther demonstrated by the results of human Phase I and II clinical 
trials: nicotine-Qb VLPs are well tolerated and elicit high anti-
nicotine antibody titers and consequently promoted abstinence 
from smoking up to 12 mo in immunized volunteers.117

Antigens can be linked to VLPs through either covalent or 
noncovalent bonds. The most common covalent method is via 
the use of hetero-bifunctional chemical cross-linkers with amine- 
and sulfhydryl-reactive arms.118 For example, cysteine-containing 
antigens can be conjugated to VLPs with surface lysine residues 

Figure 2. Production of chimeric HBcAg VLPs displaying West Nile virus 
Domain III of the envelope protein in plants. N. benthamiana leaves 
were infiltrated with Agrobacterium carrying the HBcAg and WNV DIII 
fusion construct. HBcAg-DIII cVLPs were purified from the infiltrated 
leaf tissue, stained with 0.2% aqueous uranyl acetate, and analyzed by 
transmission electron microscopy.
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at a high density of up to three peptides per coat protein mol-
ecules.117,119 The noncovalent conjugation strategy includes the 
use of streptavidin as linkers to attach biotinylated antigens and 
VLPs via their specific and strong interaction.119 Potentially, the 
specific interaction between protein A from Staphylococcus aureus 
and Ig Fc fragment could also be exploited for such purpose. 
The successful assembly of chimeric turnip vein clearing virus 
(TVCV) particles displaying a functional fragment of protein A 
demonstrated the feasibility of this application.120 The success of 
chemically conjugated chimeric VLPs as effective vaccines has 
been demonstrated extensively.1,72,118 Epitopes from a variety of 
pathogens have been chemically conjugated to plant viruses (PV) 
and the resulting chimeric plant virus particles have been shown 
to be immunogenic and even protective in animal models (See 
chimeric plant virus particles section below). While the appli-
cation of chemical conjugation of antigens to plant-produced 
non-PV VLPs has not been reported, there is no doubt that plant-
derived VLPs will play an important role for this technology due 
to the low-cost, safe, and enormous manufacturing capacity of 
the plant-production platform.

Chimeric Plant Virus Particles as Vaccines

One of the unique aspects of plant expression systems is the 
possibility of using plant virus particles (PVPs) as a carrier to 
display foreign epitopes. While PVs are distinct from human or 
animal pathogens and cannot replicate in animal cells, the high-
density, quasi-crystalline array of CP and the particulate nature 
of their virions are ideal for the resulting chimeric PVPs (cPVPs) 
to stimulate B-cell response, as well as dendritic cell antigen 
uptake.121-123 The ability of a TMV-displayed peptide vaccine in 
breaking B-cell tolerance clearly demonstrates that cPVPs are 
at least equivalent in their capacity to induce potent immune 
responses as other VLP platforms, such as HPV VLPs and bacte-
riophage particles.124 In general, cPVPs have been shown to offer 
many similar advantages as VLPs in enhancing antigen immuno-
genicity, safety, as well as in enhancing the production level and 
stability of the conjugated antigen.121,122 Similar to VLPs, cPVPs 
can be created by genetic fusion of epitopes to CP of PVs, or by 
chemical conjugation of antigens to preassembled PVPs.

For example, a chimeric peptide containing determinants of 
glycoprotein and nucleoprotein of rabies virus (RV) was fused 
to the N-terminus of the alfalfa mosaic virus (AlMV) CP and 
cloned into AlMV and TMV-based viral vectors. The transfec-
tion of this fusion protein gene in tobacco, N. benthamiana and 
spinach plants resulted in high-level accumulation (0.4 mg/g 
FLW) of recombinant virus particles that displaying the chimeric 
RV epitopes.43 The RV cPVPs can be isolated easily with polyeth-
ylene glycol precipitation. Intraperitoneal injection of three doses 
of 250 μg RV cPVPs (35 μg peptide) at 2-week intervals induced 
a strong systemic neutralizing antibody response in mice and 
protected them against a lethal challenge of RV for at least 120 
d.43 This research demonstrated for the first time the longevity of 
protective immune responses elicited by plant-derived antigens 
and suggested that immunological memory to the RV epitopes 
was established by the immunogen. As predicted, the chimeric 

peptide displayed on the RV cPVPs was more immunogenic 
than the non-conjugated peptide co-delivered with adjuvant in 
mice.43 Oral delivery of four doses of purified RV cPVPs (250 μg 
per dose) or raw spinach leaves containing the RV cPVPs (1 g 
per dose) stimulated relatively strong mucosal RV-specific IgA 
response as well as serum IgG and IgA immunity.125 Interestingly, 
mice fed with RV cPVPs-containing spinach leaves produced 
a stronger mucosal IgA response than those receiving purified 
chimeric virus. Similar encouraging results were also obtained 
in humans.43 RV still poses a significant threat to human health 
and causes > 50,000 death each year, with most of the fatal cases 
occurring in developing countries.126 In contrast to the current 
inactivated RV vaccine produced in infected human diploid cells, 
plant-derived chimeric VLPs or cPVPs displaying RV epitopes 
may provide an affordable, safer, and needle-free vaccine alterna-
tive for the developing world.

The activation of cell-mediated immune responses by cPVPs 
has also been demonstrated. A chimeric CP of PVX was created 
to display the H-2D(b)-restricted epitope of influenza nucleopro-
tein (NP).127 Infection of N. benthamiana plants by the recombi-
nant PVX vector resulted in the robust production of chimeric 
PVX particles. Subcutaneous immunization of mice with an 
endotoxin-free preparation indicated that 167 μg of chimeric 
PVX particles in the absence of adjuvant or 50 μg in the pres-
ence of incomplete Freund’s adjuvant activated epitope-specific 
CD8+ IFN-γ secreting cells.127 This suggests the potential util-
ity of cPVPs as vaccine components in activating cell-mediated 
immune responses.

The ability of stimulating protective immunity has been 
demonstrated by many cPVPs. For example, a chimeric CPMV 
displaying a 17 amino acid epitope of the VP2 CP of canine par-
vovirus (CPV) was produced in cowpea plants.128 Subcutaneous 
injection of two doses (7.5 mg chimeric CPMV particle, 150 μg 
peptide per dose) of adjuvanted (Quil-A/alum) CPMV-CPV 
VP2 protected all vaccinated dogs from a lethal challenge of 
CPV and totally abolished shedding of virus.129 Since the epi-
tope is shared by CPV, mink enteritis virus (MEV) and feline 
panleukopenia virus, this plant-derived vaccine perhaps can be 
also effective in mink and cats. Indeed, a single subcutaneous 
injection of 1 mg of the chimeric particles protected 100% mink 
from a lethal challenge of MEV and eliminated all clinical signs 
of the disease.128 Subsequently, protective immunity was also 
demonstrated for cPVPs that display epitopes of urine hepatitis 
coronavirus,130 foot-and mouth disease virus (FMDV),131,132 and 
bacterial origin.133,134 Many other cPVP-based vaccine candidates 
have been developed and demonstrated immunogenicity or pro-
tection in animal models (Table 3).

Like VLPs, CP of PVPs was believed to only tolerate genetic 
insertions of short peptides. Increasing evidence, however, sug-
gests that this assumption may not be true. One such example 
comes from a recombinant Tobamovirus in which the CP was 
fused to a functional protein A fragment of the same size.120 In 
spite of the doubling of its CP size, viral replication, particle 
assembly, and systemic movement of the recombinant virus were 
found adequately active.120 This result suggests that it is possible 
for cPVPs and VLPs to display larger conformational epitopes 



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

38	 Human Vaccines & Immunotherapeutics	V olume 9 Issue 1

Table 3. Examples of chimeric plant virus particles as vaccine candidates

Displayed antigen Plant virus carrier Plant host Immunogenicity

CPV VP2 CP epitope CPMV Cowpea
SC delivery with adjuvant Quil-A/alum protected dogs or minks 

from a lethal challenge of CPV or MEV.128,129

CPV VP2 CP epitope PPV N. clevelandii
IP delivery induced CPV-specific neutralizing antibodies in mice 

and rabbits.193

CRPV L2 epitope TMV N. benthamiana
Parenteral delivery evoked protective immunity against CRPV 

infections in rabbits.194

FMDV VP1 F11 epitope TMV Tobacco
Parenteral delivery induced protective immunity in guinea pigs 

and pigs.131,132,195

FMDV VP1 protein TMV N. benthamiana
IP delivery of crude plant extract provoked protective  
immunity against virulent FMDV challenge in mice.196

FMDV VP1-VP4–2C-3D polyepitope PVX N. benthamiana
Parenteral delivery induced protective immunity against FMDV 

in guinea pigs.197

HCV hypervariable region  
(HVR)1 of E2 R9 minotope

CMV Tobacco
IM and SC delivery induced minotope-specific antibody 

response in rabbits. Chimeric CMVs also stimulated IFN-γ pro-
duction by DC8+ T cells from HCV patients.198,199

HCV HVR1 of E2  
epitope-CTB fusion

TMV N. benthamiana
IN delivery elicited serum antibody responses against both 

HVR1 and CTB in mice.200

HIV-1 gp120 epitope TBSV N. benthamiana
SC delivery stimulated weak gp120 specific antibody response 

in mice.201

HIV-1 gp41 epitope CPMV Cowpea
SC delivery stimulated strong serum neutralizing antibody 

response in mice.202,203

HIV-1 gp41 epitope PVX N. benthamiana
IP or IN delivery elicited high levels of gp41-specific IgG and IgA 

with neutralizing activities in mice.204

HPV-16 L2 epitope PVX N. benthamiana
SC delivery induced L2-specific serum antibody response  

in mice.205

Influenza A H-2D(b)-restricted  
epitope of NP

PVX N. benthamiana
SC delivery without adjuvant activated epitope-specific CD8+ 

IFN-γ secreting cells T cells in mice.127

Influenza A M2e epitope CPMV Cowpea
Parenteral immunization induced partial protection against flu 

virus challenge in mice.206

MHV spike protein 5B19 epitope TMV Tobacco
IN or SC delivery induced protective immunity against a lethal 

challenge of MHV in mice.130

Pseudomonas aeruginosa OM  
protein F epitope

CPMV Cowpea
SC delivery induced protective immunity against two different 

immunotypes of P. aeruginosa challenge in mice.133,207

P. aeruginosa OM protein F epitope TMV Tobacco
IM delivery induced protective immunity against P. aeruginosa 

challenge in mice.208,209

RSV G protein epitope AIMV Tobacco
IP delivery elicited protective immunity against RSV long strain 

infection in mice.210 IM delivery induced strong cellular and 
humoral responses in monkeys.211

RV peptide determinants of GP 
and NP

AIMV/TMV
N. benthamiana IP or oral delivery induced long-term protective immunity 

against lethal challenge of RV in mice. Induced a strong 
immune response and found to be safe in humans.43

Spinach

Staphylococcus aureus  
fibronectin-binding protein D2 

domain
CPMV Cowpea SC delivery induced protection against endocarditis in rats.134

Human or animal viral pathogens: CPV, canine parvovirus; CRPV, cottontail rabbit papillomavirus; FMDV, foot-and-mouth disease virus; HCV, hepatitis C 
virus; HIV, human immunodeficiency virus; HPV, human papillomavirus; MEV, mink enteritis virus; MHV, mouse hepatitis virus; RSV, respiratory syncytial 
virus; RV, rabies virus. Plant virus carriers: AIMV, alfalfa mosaic virus; CMV, cucumber mosaic virus; CPMV, cowpea mosaic virus; PPV, plum pox virus; PVX, 
potato virus X; TBSV, tomato bushy stunt virus; TMV, tobacco mosaic virus. Immunization routes: IM, intramuscular; IN, intranasal; IP, intraperitoneal 
injection; SC, subcutaneous injection. Antigens: GP, glycoprotein; M2e, ectodomain of matrix protein 2; NP, nucleoprotein; OM, outer membrane.
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through genetic fusion in addition to the linear ones. Since most 
pathogen-neutralizing antibodies are elicited by conformational 
epitopes, this evidence indicated a much broader utility for cPVPs 
and VLPs as antigen-displaying carriers.

CPVPs can also be created by chemical conjugation with simi-
lar strategies as VLPs, namely by using bifunctional cross-linkers, 
or exploring the specific interaction between biotin and streptavi-
din, or between Fc of Ig and protein A. PVPs with surface lysine 
or cysteine residuals can be directly conjugated with cysteine or 
lysine-containing antigens. Otherwise, CP of PVPs can be genet-
ically engineered to have exposed lysine residues on the surface to 
enable conjugation. Since the introduction of a lysine residue may 
affect the expression, assembly and stability of the recombinant 
CP, careful consideration has to be given to balance the need for 
such reactive residues and the optimal expression and assembly of 
the modified CP.

For example, a lysine was genetically engineered onto the 
surface of TMV for chemical conjugation of antigens.121 It was 
found that when a cysteine-containing 15 amino acid HPV L2 
peptide was incubated with the recombinant TMV, 95% of CP 
was conjugated with the target peptide.121 Immunization data 
suggested that while this cPVP induced strong B-cell response, 
it was not as potent as an equivalent cPVP created by genetic 
fusion.121 Since the antigen composition of the two cPVPs is 
almost identical, the immunogenic disparity was perhaps caused 
by the difference in the bond that connected PVPs and the tar-
get peptide. It was suggested that cPVPs and cVLPs with stable 
bonds would have a more stable crystalline array of antigen on 
their surface, and thereby, more likely to induce the maximum 
humoral immune response.121 To further demonstrate the util-
ity of chemical conjugated cPVPs, a whole protein antigen, the 
canine oral papillomavirus L2 (COPV.L2) antigen, was conju-
gated to TMV through biotin and streptavidin interaction.135 
Approximately 30% of TMV CP subunits per TMV particle 
were found to associate with the antigen. Immunization of mice 
and guinea pigs with this cPVP rendered potent specific anti-
body responses which were far superior to those in animals that 
were immunized with the non-conjugated COPV.L2 antigen.135 
This application demonstrates the feasibility and utility of PVPs 
in displaying whole protein antigens, especially ones that can-
not be made by genetic means. Similar to cPVPs generated by 
genetic fusion, cPVPs chemically-conjugated with T-cell epitopes 
also stimulated potent CTL responses. One of the examples came 
from the same recombinant TMV that displayed the T-cell epit-
ope of murine melanoma peptides.136 In contrast to results from 
antibody stimulating chimeric TMVs, where genetic fusions 
induced higher titer antibodies, chemically conjugated chimeric 
TMVs were found far superior in eliciting IFN-γ-producing T 
cells.136

Overall, tremendous success has been achieved with cPVPs 
as carriers for displaying and enhancing the immunogenicity of 
foreign antigens. However, in comparison to VLPs, cPVPs do 
suffer from several inherent disadvantages. For example, confor-
mational epitopes may not be presented as correctly as by native 
virus or corresponding VLPs. The biggest challenge, however, 
may come from the regulatory aspect of this technology. Unlike 

VLPs, there is no precedent of approved products made by this 
technology; therefore, it will have to overcome a series of regula-
tory hurdles before becoming an accepted manufacturing plat-
form for vaccines.

Plant Protein Glycosylation and VLP Functions

Glycosylation of viral surface antigens has a major impact on the 
efficacy of vaccine antigens as it is critical for immune recogni-
tion, receptor binding, inflammation, and pathogenicity.137,138 For 
example, mutation of one of the two N-linked envelope glycopro-
tein 2 (GP) glycosylation sites of Ebola virus is detrimental to the 
immunogenicity of GP.138 Alterations of glycosylation of the viral 
HA due to egg-adaptation have also been shown to severely affect 
the antigenicity of influenza virus.139 It was also demonstrated 
that N-glycosylation is crucial for the correct folding of viral gly-
coproteins, and hence the structure and function of VLPs that 
assemble from glycosylated viral structural proteins. For example, 
HCV VLPs produced in the presence of α-glucosidase inhibitors 
contain misfolded glycoproteins and have impaired binding to 
hepatoma cells.140 E protein glycosylation is a molecular determi-
nant of the neuro-invasiveness of the WNV141 and is critical for 
the secretion of VLPs of tick-borne encephalitis virus.142

Therefore, the glycosylation status of VLP proteins is critical 
for their structure and function, as well as determines the choice 
of platforms for their production. An example of this was dem-
onstrated by the production of VLPs of Lassa virus (LASV) based 
on glycoprotein subunits of GP1 and GP2.143 Since the glycosyl-
ation pattern of GP1 and GP2 has been shown to play a critical 
structural and functional role in preserving protein stability and 
allowing binding and fusion to host cells, LASV VLPs cannot 
be easily produced in bacterial, or insect cell-based production 
systems.143 As prokaryotic cells, E. coli do not have the ability 
to glycosylate nor to process the precursor protein into GP1 and 
GP2 subunits. Glycosylation in insect cells is mostly limited to 
high mannose glycoforms and these cells also lack the processing 
enzyme for the precursor glycoprotein. Even though mammalian 
cells have the critical subtilases and efficiently process the precur-
sor glycoprotein into GP1 and GP2 subunits, the glycosylation 
profile of GP1 and GP2 in mammalian-cell produced VLPs is 
highly heterogeneous and more so than in the native virions.143 
The presence of mixed and inconsistent glycosylation types is a 
common phenomenon for most mammalian cell-produced gly-
coproteins. Thus, none of the current popular production sys-
tems is ideal for the production of LASV VLPs and other VLPs 
based on glycoproteins. This is where plant expression systems 
may play another important role in providing a solution to this 
common problem.

N-glycosylation of proteins in plants is generally similar 
to that of mammalian cells. However, wild-type (WT) plants 
add plant-specific β-1,2-xylose and core α-1,3-fucose residues 
to complex N-linked glycans and lack terminal β1,4-gal and 
N-acetylneuraminic acid (Neu5Ac) residues.144 The unique plant 
glycosylation pattern can be advantageous for certain pharma-
ceutical applications, as in the case of glucocerebrosidase (GCD).
Although not a VLP-based vaccine, this therapeutic enzyme for 
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treating Gaucher disease is the first plant-derived pharmaceuti-
cal ever approved by FDA (May 1, 2012) and demonstrates the 
advantage of plant glycoforms for its efficacy.145 Mammalian cell-
produced GCD requires in vitro N-glycan processing to achieve 
the desired efficacy, while the carrot-cell produced GCD (com-
mercial name: ELEYSOTM) already has the required glycoform, 
eliminating the costly N-glycan processing, that may have resulted 
in better and more consistent efficacy.28 Also as discussed earlier, 
plant-specific glycans provide a unique advantage for producing 
flu VLPs vaccines based solely on HA as plant glycoproteins are 
not sialylated.84,85 However, the minor differences in protein gly-
cosylation between WT plant and mammalian cells used to be 
one of the major issues of plant-expression platforms, because they 
may produce improper glycoforms reducing efficacy, but there is 
also the possibility of inducing plant-glycan specific antibodies 
that accelerate protein clearance from plasma or cause potential 
adverse effects through immune complex formation. Fortunately, 
there has been tremendous progress in glycoengineering to create 
“humanized” plant lines by knocking out enzyme genes for syn-
thesis of plant specific glycans and/or introducing mammalian 
glycosylation genes into plant cells.144 As a result, glycoengineer-
ing has resulted in a portfolio of “humanized” plant lines that 
lack plant-specific glycans and that produce pharmaceutical pro-
teins with various specific and defined mammalian glycoforms 
including high mannose, GnGn, G0-G2 galactose, bisected 
GlcNAc, fucosylated and nonfucosylated, and full complex form 
with terminal sialic acid addition.146-151 Glycoproteins produced 
from these glycoengineered plants not only have defined and spe-
cific mammalian glycoforms, but also possess a high degree of 
glycan uniformity that cannot be produced by mammalian cells 
or achieved by in vitro treatments.146,152 This portfolio of plant 
lines, therefore, provides a superior system for producing VLPs 
with defined and uniform carbohydrate constituents. With these 
plant lines, in theory, we can ultimately custom design VLPs 
with a tailor-made glycoform that is best suited for the assem-
bly and immunogenicity needed for a particular clinical applica-
tion. Thus, the creation of these glycoengineered plants provides 
an additional advantage for plant-based expression systems to 
become a desirable VLP production platform.

Downstream Processing of VLPs from Plants

The ability of large-scale production of VLPs in plants and other 
heterologous expression systems promises a broad application of 
this vaccine platform. While unprocessed or partially processed 
VLP-containing plant materials still represent a viable opportu-
nity to deliver vaccines by ingestion, regulatory concerns moti-
vate the development of processing technologies to produce VLPs 
with a more defined unit dosage.24,25 Consequently, successful 
application of VLPs depends on the availability of robust and 
scalable downstream processing methodologies that can effec-
tively recover and purify VLPs at low cost.

Downstream process development should aim to increase 
manufacturing productivity, reduce production costs, enhance 
scalability, preserve the integrity of the VLPs, and ensure the com-
pliance of the manufacturing procedures with the FDA’s cGMP 

regulations. As with other recombinant proteins, an optimized 
downstream process should yield highly purified VLPs with the 
highest possible percentage of product recovery and a minimal 
number of purification steps. Due to the diverse structural and 
architectural nature of VLPs, downstream processing for a partic-
ular VLP depends on the size, shape and architecture of the assem-
bled VLPs, as well as on the production system and the production 
process. Typically, the initial design of processing steps depends 
on the structural nature of the target VLPs (e.g., enveloped or 
nonenveloped) and the cellular nature of the production host. The 
processing scheme can then be further refined based on the size 
and shape of the VLP, and the site of VLP accumulation within or 
outside the cell. For example, purification of enveloped VLPs can 
be more difficult than nonenveloped VLPs as the envelope is labile 
and sensitive to shear and osmotic pressure variations.153 Since the 
lipid bilayer is often targeted for their purification, separation of 
enveloped VLPs from host cell-derived membrane-bound vesicles 
is often difficult. As for production systems, VLP production in 
bacterial cells often encounters difficulty in producing soluble 
proteins and VLPs free of contamination by endotoxins.154,155 As 
a result, special attention has to be paid to protein solubilization 
and toxin removal. In contrast, the major challenge for insect cell-
produced VLP processing is the separation of the target VLPs 
from baculovirus particles that are coproduced and share a similar 
molecular weight.1 In both cases, these processing problems may 
cause a substantial increase in product cost.

Similar to other vaccines, the purification of VLPs consists of 
the basic capture, purification and polishing steps, but with spe-
cial attention given to preserving the integrity of the assembled 
VLPs. The objective of the capture step is to remove the most 
abundant contaminants, and consequently, high throughput and 
volumetric operations are typically employed. Highly selective 
operations are desirable for the purification stage for removing 
all impurities and obtaining highly purified VLPs. On the other 
hand, the polishing step should use even more selective method-
ologies to achieve higher purity by separating assembled VLPs 
from non- or partial-assembled VLPs, or VLPs with non-targeted 
architecture. This step is crucial for obtaining VLPs with the tar-
geted conformation as many proteins tend to adopt improper yet 
stable aggregate structures. Despite the production of many VLPs 
in a diversity of production systems, VLPs have been mostly puri-
fied by a few methods based on variations of centrifugation and 
precipitation.36,48,156,157 The centrifugation methods were origi-
nally developed for virus particle isolation, but were subsequently 
applied to VLP purification. Similar to their cognate viruses, 
VLPs can be purified on the basis of their size and density using 
ultracentrifugation techniques, with sucrose, cesium chloride 
(CsCl) and potassium bromide as the most common media for 
gradient generation.158 While ultracentrifugation and density 
gradient methods are widely used for characterizing VLP size 
and assembly,36,49,157,159 their application to large-scale commercial 
VLP manufacturing is limited because they are time-consuming, 
difficult to scale up, and produce poor yields.52,160 Furthermore, 
the hyperosmotic nature of density gradient agents and the high 
centrifugation force often shear and disrupt the integrity of 
assembled VLPs, causing their degradation.161
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To meet the demand for more selective and scalable meth-
ods of VLP purification, sophisticated methods like tangential 
flow filtration, ion exchange, affinity, and size exclusion chro-
matography have been explored.162-165 Purification methods 
based on chromatography are favorable for VLP production 
due to their high selectivity, high recovery rate and high scal-
ability for large-scale production. For example, high purity of 
insect cell-produced parvovirus B19 VLPs is effectively achieved 
by a series of diethylaminoethyl (DEAE) chromatography steps 
in large-scale purifications.166 Similarly, HPV16 L1 VLPs can be 
purified with heparin or cation-exchange chromatography with 
reasonable recoveries.167 So far, a wide variety of classical chro-
matographic resins including those for ion-exchange, hydropho-
bic interaction, and affinity and size exclusion chromatography 
have been shown to be effective for the purification of different 
VLPs.153,163,168,169 Due to the unusually large size of VLPs, tradi-
tional chromatography resins may not be optimal for their puri-
fication due to poor binding capacity, low resolution and VLP 
recovery. These flaws are caused by the surface adsorption and 
pore exclusion effects as the relatively small pore sizes of the tra-
ditional resin limit the adsorption of VLPs to their surface, while 
smaller impurities can bind to all areas of the beads including 
those inside the pores.170-173 To further optimize the recovery and 
binding capacities of VLPs, novel chromatographic matrices and 
strategies that can accommodate their unusually large size are 
being developed including membranes, monoliths and tentacle 
supports. Membrane chromatography based on newer, dispos-
able membrane technology, for example, is gaining momentum 
as the leading alternative to traditional beads for VLP purifica-
tion.162,174-178 Membrane chromatography is particularly use-
ful for purification of VLPs and other large particles with low 
diffusivities. Because the interaction of the binding sites on the 
membrane and the target molecules occurs in convective flow-
through pores, it overcomes the pore diffusional issue of conven-
tional resins and allows membrane chromatography to maintain 
high efficiency even at high flow rates.52,176 Membrane-based 
separation strategies also facilitate the purification of enveloped 
VLPs that are sensitive to shear and osmotic shock, and prone 
to degradation. An example is the use of hollow-fiber cartridge 
membranes in purification of a HIV VLPs. The tangential flow 
of the feed stream across the membrane allows the separation to 
occur under low-stress conditions, leading to efficient purifica-
tion of HIV particles with 95% recovery.179 In addition to their 
promising applications in the purification step, membrane-based 
separation methods have already gained increasing importance 
in the capture and polishing steps including microfiltration for 
media clarification and product sterilization, UF for VLP con-
centration and fractionation, and DF for buffer exchange.153 
These membrane-based filtration steps require simple equipment 
and are particularly efficient in eliminating aggregates and par-
tially assembled VLPs, providing a convenient means to inte-
grate purification and size separation into a single step to achieve 
both purity and size uniformity.180 Additional advantages of 
membrane-based operations such as high scalability and cGMP 
compliance further justify their increasing importance for VLP 
downstream processing.153

The development of virus-based transient expression systems 
has significantly increased the yield of VLPs in plant expression 
systems.35,52,181-183 Consequently, cost of downstream processing 
has become an increasingly significant proportion (> 80%) of the 
total cost, demanding more scalable and low cost technologies for 
VLP recovery from plants.24,184,185 The unique properties of plant 
tissues present both challenges and opportunities for downstream 
processing. For example, some plants produce mucilages and are 
rich in aromatic compounds, which may complicate product 
purification. On the other hands, plant-derived VLPs have low 
contamination risks by human or animal pathogens, and there-
fore, reduce safety concerns and have the potential of simplifying 
downstream operations. For instance, the tedious viral validation 
step required for purifying mammalian cell-derived therapeutics 
could be eliminated, providing a potential time and cost saving 
opportunity.25 While the majority of plant-derived VLPs are still 
purified by the traditional precipitation and centrifugation meth-
ods, a new trend has started toward more robust and scalable 
methods such as filtration and chromatography.25 For example, 
our group has successfully developed a novel and scalable extrac-
tion and purification scheme for efficiently recovering NVCP 
VLPs from plant tissue. This is a three-step process consisting 
of low pH precipitation, UF/DF with tangential flow filtration 
(TFF) membranes, and DEAE anion-exchange chromatogra-
phy.27 Our results showed that low pH precipitation removed 
the most abundant plant host protein, RuBisCo, and DEAE 
chromatography eliminated the remaining contaminants and 
enriched NVCP VLPs to > 95% purity.27 We also demonstrated 
that our process is highly scalable and produces NVCP VLPs 
with consistent high purity and recovery among batches of differ-
ent scales.27 Compared with the laborious and time-consuming 
methods of gradient centrifugation, our method is robust, more 
scalable and can shorten the operation time from several days to 
≤ 12 h.27,52 NVLP purified by this process was shown to maintain 
VLP structure and immunogenicity in mice following muco-
sal administration.27 Moreover, our upstream and downstream 
production processes can be successfully operated under cGMP 
regulations and produce high quality VLPs that meet the preset 
release specifications in identity, purity, potency and safety.27 Our 
studies thereby provided the first precedent of producing a plant-
derived vaccine at scale under cGMP regulations in an academic 
setting, an important step for plant-produced VLPs to become a 
commercial reality.

Affinity chromatography is a powerful separation technique 
that may reduce the number of purification steps and increase 
yield and purity. It has been explored to purify plant-derived 
VLPs including monoclonal antibody conjugated sepharose to 
purify Vicia faba VLPs186 and fetuin-agarose to purified influenza 
VLPs from N. benthamiana plants (see below). The commonly 
used affinity ligands are biologics which are expensive to make, 
prone to degradation, easily denatured by sanitizing agents, and 
likely to leech into the purified products. As a result, applications 
of affinity chromatography are often limited to small scale VLP 
purification. In response to this challenge, we have employed new 
technologies such as microarrays to develop synthetic ligands for 
affinity purification of VLPs.52 For example, we have developed 



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

42	 Human Vaccines & Immunotherapeutics	V olume 9 Issue 1

a system to screen 20mer peptide ligands with specific affinity 
to NVCP VLPs in a microarray containing a library of 10,000 
randomly generated peptides. It is noteworthy that our peptides 
are immobilized in a configuration that mimics the conforma-
tion they have when conjugated to affinity beads. This strategy 
is superior to other library selection approaches such as phage 
display because it ensures the identification of peptides that will 
bind the target protein with equivalent specificity and affin-
ity when conjugated to chromatographic matrix. Indeed, we 
obtained highly purified NVCP VLPs from N. benthamiana 
plant extract with these affinity ligands (Chen Q, Diehnelt C, 
and Arntzen C, manuscript in preparation). Our approach offers 
the advantage of being entirely synthetic and therefore insensitive 
to ligand denaturation or degradation. Coupled with the rapid 
ligand discovery process, the low cost of peptide production will 
likely allow the large-scale application of this technology and its 
adaptation for the purification of other VLPs.

The feasibility of efficiently extracting and purifying envel-
oped VLPs from plants at a commercial scale has been demon-
strated by the production of HA-based influenza VLPs vaccines.89 
In this weekly operation, several batches of 1,500 N. benthamiana 
plants can be agroinfiltrated. After 6 d of incubation for VLP 
expression, 25 kg of leaf biomass will be harvested from each pro-
duction batch and mechanically homogenized to obtain protein 
extracts, which are clarified, concentrated and buffer exchanged 
sequentially by centrifugation, microfiltration, TFF and DF.88 
HA VLPs are then purified from the clarified extracts by a series 
of chromatographic steps including anion-exchange with Poros 
HQ, cation exchange with Poros HS and affinity chromatography 
with fetuin-agarose resins.89 The purified VLPs are subsequently 
concentrated and formulated by TFF, and DF and sterilized by 
microfiltration.89 Results have shown that this process can pro-
duce highly purified HA VLPs with the expected size and archi-
tecture, and that induced potent immune responses in animals.89 
Furthermore, this downstream process has been successfully 
implemented in large-scale operations under cGMP regulations 
and produced human clinical grade HA VLP vaccines from 
N. benthamiana with high purity and consistent recovery.89 The 
cGMP VLPs have been tested in human clinical trials and their 
efficacy and safety in human studies has been demonstrated.89

Like in other systems, it is critical to prevent plant host con-
taminants from entering processing feed streams at an early stage 
to simplify the overall purification process and ensure the regula-
tory compliance of the final VLP product. Due to the diversity of 
VLP architecture, size and epitopes they are designed to display, 
as well as the diversity of production plant hosts, it is impossible 
to have one universal downstream process that can fit the purifi-
cation needs of all plant-derived VLPs. However, more versatile 
purification strategies are being developed, which can be readily 
applied or adapted to the purification of various VLPs that share 
similar sizes, architecture or epitopes with common physiochem-
ical properties.153,163 General purification procedures are also 
being established for removing unique contaminants of popular 
plant production hosts. Innovations in separation materials and 
technologies will continue to drive the further improvement of 
downstream processes for plant-produced VLPs.

Human Clinical Trials of Plant-Produced VLPs

Successes in the production, purification and demonstration of 
strong systemic and mucosal immunogenicity have prompted 
several clinical studies examining the safety and immunogenicity 
of plant-produced VLP-based vaccines in humans (Table 1).

For example, results of preclinical studies in mice and fer-
rets encouraged a randomized, double-blind, and placebo-
controlled Phase I human trial with plant-made enveloped 
VLPs based on HA of an H5N1 avian pandemic influenza (A/
Indonesia/5/05).88 In this study, 48 adult volunteers between 
18–60 y of age were given two intramuscular doses of 5, 10 
or 20 μg of adjuvanted (alum) H5 VLPs vaccine or placebo. 
The immunogenicity was evaluated by three independent assays 
including HI, single radial hemolysis (SRH) and microneutral-
ization (MN). After the second dose, 75%, 75%, and 92% of 
individuals in the 20 μg group produced detectable antibody 
titers as measured by HI, SRH and MN respectively, with 
16.7%, 25% and 50% of volunteers in the 5, 10 and 20 μg 
groups developed HI titers of > 40, while no HI antibodies were 
detected in the placebo group.89 The results also show that two 
doses of 20 μg vaccination of plant-derived VLPs elicited an 
immune response that meets all three protective criteria (sero-
protection > 70%, seroconversion > 40%, and geometric mean 
increase (GMI) > 2.5) established by CHMP for influenza vac-
cines.89 Importantly, this trial demonstrated the safety of the 
plant-derived VLP vaccine in humans as it was well tolerated 
at all doses and the adverse events were mild-to-moderate and 
self-limited. Furthermore, this plant-made vaccine did not sig-
nificantly increase the level of naturally occurring antibodies to 
plant-specific glycans and no allergic reactions were observed.89 
Based on these results, a two-part Phase II human clinical trial 
was conducted. In Phase II part A, 135 volunteers received 
two doses of 20, 30 and 45 μg H5 VLP vaccine in the pres-
ence of alum or 45 μg without adjuvant or placebo 21 d apart. 
Interestingly, 20 μg with alum proved to be the optimal dos-
age to induce a strong immune response. In the part B study, 
an additional 120 volunteers were further tested. The results 
showed that older and younger volunteers responded similarly to 
the plant-made VLP vaccine, a differential advantage over simi-
lar vaccines produced by other vaccine technologies.187 While no 
further details have been released, the sponsor of the trial did 
report that “The vaccine induced a solid immune response and 
was found to be safe, well tolerated.”188

A Phase I clinical trial has also been completed for a seasonal 
flu vaccine candidate based on plant-derived HA VLPs of an 
H1N1 strain, also known as swine flu.189 One hundred healthy 
adult volunteers 18–49 y of age were given a single dose of intra-
muscular administration of 5, 13, and 28 μg H1-VLPs or pla-
cebo. As for the H5 VLP vaccine, this plant-derived VLP was also 
found to be safe and well tolerated at all dosages. Moreover, even 
a single dose of 5 μg triggered a strong immune response that 
meets the CHMP protective criteria.189 Based on these results, the 
sponsor is planning a Phase II human trial for its seasonal triva-
lent vaccine with the recommended H1N1, H3N2 and B influ-
enza strains.189 Overall, these encouraging results suggest that 
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plant-made VLPs are viable human vaccine candidates against 
both seasonal and pandemic influenza viruses.

To demonstrate the safety and efficacy of orally-delivered VLPs 
in plant materials, a Phase I clinical trial was conducted with 
potato-produced NVCP VLPs. Twenty human volunteers were 
fed with two or three doses of 150 g uncooked NVCP-transgenic 
potato tubers which containing 215–751 μg of VLPs.190 An 
increase in the number of IgA-secreting cells was observed in 19 
of 20 human subjects. Furthermore, four of the volunteers devel-
oped NVCP-specific serum IgG and six developed specific stool 
IgA.190 The ingestion of VLP-producing potato tubers appeared 
safe as the incidence rates of nausea, vomiting, mild cramps, fever 
or diarrhea were similar among volunteers who ate recombinant 
or control tubers.190 Together, these results indicate the immuno-
genicity and safety of using edible VLP-containing plant parts as 
oral vaccines in humans. The overall antibody response was, how-
ever, weaker than that obtained in a clinical trial in which purified 
insect cell-derived NVCP VLPs (250 μg per dose) were used.157 It 
is likely that the inconsistent NVCP content and poor VLP assem-
bly in potato tubers caused variable effective VLP dosage and con-
tributed to the weak antigenicity. It is also possible that VLPs were 
not effectively released from the potato tissue in the gut lumen, 
further reducing the effectiveness of the antigen. These results 
suggest that purified NVCP VLP is a better oral vaccine candidate 
than that in unprocessed plant tissue. In light of this, we are plan-
ning a new human clinical trial with purified plant-derived NVCP 
VLPs in collaboration with our industry partners.27

Preclinical studies have demonstrated the potency of plant-
derived HBsAg VLPs in evoking both B and T-cell mediated 
immunity by both systemic and mucosal delivery. These successes 
have led to two human Phase I clinical trials with plant-produced 
HBsAg VLPs. In one of these trials, two or three doses of 100 g 
raw potato tuber containing 850 μg HBsAg were orally ingested 
by 33 human volunteers who were previously vaccinated by the 
commercial yeast-derived HBV vaccine.113 HBV seropositive sub-
jects were selected for this trial in consideration of the possibility 
that HBV naïve participants might experience antigenic tolerance 
after oral delivery of HBsAg. Significant increases in serum anti-
HBsAg titers were observed in 10 of 16 volunteers who consumed 
three doses of antigen-containing tubers and in 9 of 17 partici-
pants who ate two doses of antigen.113 These results provide a 
clear indication that oral delivery of plant-derived HBsAg VLPs 
can activate systemic memory cells and thereby can be used as an 
effective oral booster for HBV vaccines. In a separate trial, three 
HBV naïve volunteers were given two oral doses of transgenic 
lettuce containing 1 μg of HBsAg VLP. Two subjects developed 
high titers of serum anti-HBsAg IgG that exceeded the protec-
tive level.42,191 This result suggests that plant-derived HBsAg 
VLPs can also effectively prime immune response through oral 
delivery in addition to working as a booster. The protective anti-
HBsAg level for humans has been defined as > 10 mIU/ml. The 
two clinical trials above have demonstrated that such antibody 
responses can be stimulated by oral delivery of plant-derived 
HBsAg VLPs, indicating their promising potential as HBV vac-
cines. Furthermore, since no adjuvant was employed in either 
trial, the efficacy of oral delivery can be further optimized.

Due to the success of preclinical studies in mice, cPVPs that 
display RV epitopes were tested in humans. The first study focused 
on the safety and immunogenicity of this vaccine candidate in 10 
human subjects that had been previously immunized with a con-
ventional rabies vaccine in consideration of the potential issue of 
antigenic tolerance in immunologically naïve subjects.43 Five vol-
unteers were fed three doses of 20 g chimeric viral-producing raw 
spinach leaves at biweekly intervals with each dose containing 0.6 
mg of recombinant virus or 84 μg of rabies peptide, while the five 
control individuals received 20 g of control spinach leaves. Three 
of the five antigen-fed individuals developed significant boost-
ing of systemic anti-rabies IgG levels.43 In contrast, elevation of 
serum anti-rabies antibodies was not observed in any of the vol-
unteers in the control group. This study also indicated the safety 
of this vaccine candidate for human use, as no adverse effects 
such as nausea, vomiting, fever, mild cramps or diarrhea were 
observed among members of volunteers.43 Since no evidence of 
untoward effects on pre-existing immunity to RV was observed 
in this study, the trial was extended to include 14 naïve human 
volunteers who had no rabies antibodies in their serum. Nine 
volunteers ingested three doses of raw rabies chimeric virus-pro-
ducing spinach leaves (150 g per dose) and five control subjects 
ate an equal amount of control leaves. All 14 participants then 
received a single injection of commercial human diploid cell 
rabies vaccine (HDCV) seven days after the last feeding. Six out 
of the nine participants who were fed with rabies recombinant 
spinach showed significant increase in rabies-specific serum IgG 
or IgA levels.43 Furthermore, three antigen-consumed subjects, 
but none of the control volunteers, developed neutralizing anti-
bodies against rabies following the single-dose administration of 
HDCV.43 While the response rate in these two studies was not 
ideal, they nevertheless demonstrated the safety and the potential 
utility of cPVPs as successful oral vaccines in humans.

Overall, the clinical trials to date have examined and demon-
strated both the safety and immunogenicity of plant produced 
VLPs or cPVPs derived from influenza HA, NVCP, HBsAg, and 
rabies glycoprotein (Table 1). Human volunteers who consumed 
potato tubers, lettuce or spinach leaves containing 0.3 to 1 mg 
antigens developed specific antibody responses in all these trials, 
while no adverse effects were observed. In addition, participants 
who were injected with purified tobacco-produced HA VLPs 
developed protective antibody responses against seasonal or pan-
demic influenza strains. It is notable that these antigens cover a 
broad range of pathogens including enteric (NV) and nonenteric 
(HBV, RV and influenza virus) viruses. Protection of infection 
was suggested by the titers of systemic and mucosal antibodies 
in the influenza trials and in some of the test volunteers of other 
trials. Along with the recent development of adjuvant and under-
standing of mucosal immunology, these results definitely warrant 
further testing of plant-derived VLP antigens in humans.

Conclusions

Since the discovery of HBsAg particles 25 y ago,192 VLPs have 
gained significant momentum in the past decade as premier vac-
cine platforms and have achieved remarkable economical success: 
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chemical conjugation can be achieved with low cost and high 
scalability. Development of downstream processing has allowed 
the efficient, scalable, economic and cGMP-compliant recovery 
of VLPs from plants. When administered properly, plant-derived 
VLPs induce a potent immune response in animal models and 
have demonstrated efficacy and safety in several human clinical 
trials. Despite these achievements, a lingering criticism of plant-
based production platforms has been the absence of approved 
human products in the US after two and a half decades of active 
research and development.26 Excitingly, this last remaining hur-
dle has been overcome by the recent approval of a plant-produced 
GCD by the FDA for treating Gaucher disease, heralding a new 
era in the field of plant-made pharmaceutics.145 We speculate 
that many successful cases and novel applications of plant-made 
VLPs, including as vessels for the delivery of small therapeutics, 
DNA fragments, and adjuvants will emerge in the near future, 
allowing us to explore the tremendous combined potential of the 
plant-expression system and VLP technology.
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five VLP-based vaccines are already on the global vaccine market 
with over $4.4 billion combined accumulative revenue for the 
two HPV VLP vaccines (through year end 2009), and average 
annual revenue of $ 993 million, $64 million, and $26 million 
for the three HBV vaccines.1 These vaccines would offer much 
greater benefit for the developing world due to higher incidence 
of these infectious diseases in these countries. The urgent need of 
vaccines in resource-poor countries and the encouraging revenue 
numbers have attracted more interest than ever from the phar-
maceutical industry in employing novel robust VLP production 
platforms that can deliver vaccines with a significant reduction in 
production time and cost.

In recent years, plants have emerged as a commercially attrac-
tive system for manufacturing biologics with superior scalabil-
ity, safety, time and cost-saving benefits, along with significant 
progress in addressing technical and regulatory issues.25,28 Recent 
developments in novel plant-expression vectors, especially those 
based on “deconstructed” plant viruses, have significantly 
enhanced expression levels and allowed plant systems to com-
pete with microbial or mammalian cell fermentation for produc-
tion of VLPs.52,181 The creation of “humanized” glycosylation 
plant lines by glycoengineering provides plants a further advan-
tage over other production systems in producing VLPs with a 
tailor-made glycoform that is optimal for their assembly and 
immunogenicity.144 Indeed, examples in this review collectively 
demonstrate that plants can produce VLPs of various origins 
and a diversity of sizes and architectural characteristics, and that 
displaying various heterologous antigens by genetic fusion or 
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